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THE GENERATION AND UTILISATION OF COLD. 


I <;EX/./<.]!. 


A III M:kaI, 1 JlM t iN on “ J’llK (jKN'FKATK)N L^rn,l.''\- 
'liiis I.; c 111,!I ” liL-'d joiiitlv b)' 'ITie (‘'aracl:.;,’ .Society and Jho 
l!riti.s!i t ilil Stor.iije and Ice .A.ssociation on Mfrnday. October loth, 
lojy 1 ; die Ilallnf the liistitulioM of I'iiivtrical ICn^ineers. Victoria 
J'.tiibaniiin! lit, i.onflon 1 he nicilio” eoii-'isted o( tlie ibllowins; 
tlirei.' '-e-sams : 

J :o 111 1.15 (i.iii. . presided o\er by Professor .Alfred W. 
Porter, D.Sc., F.R.S., F.lnst.pr, President ol the lAirada}- 

.SfK 

Ill 4..O I' 'I, 1;, p.iu. ; I'.residcd over b\ Air. (ieorjte Qoodsir. 

o.ioS.S., I'rc.sidcn! of (he lUitisli f uld blorat^c and 
lee ''S'K lalioii. 

,,tiij 7.45 lo 'i.,iO p.in. ; presided over by Air. Janu.s Swipbiirne, 
F.R.S., M.lii.st,C.E., F.lnst.P., Past^ President* of The 

Karaday .Societv. 

Diiriiiy the intervals demonslralioil.s were yiven by Messrs. 
l-it|uid Air (I .imileill. 

J he subject was treated under two heatlinos ; — 

r.t7 
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13S I'HIC (iKXKRA TION AND UTILISATION OT COLD 

(i) Lalioratiiry Methods of Liquefaction. 

(ii) Industrial Methods of Tdqiiefactioii and Practical Applica¬ 

tions of I.ovv Temperatures. 

t 

Profe.s.sor Alfred W. Porter opened the; jiroceedings with the 
Tollowin^ general introduction. 



rni-: (;i:\'tCKA'r]f>N and rrii.js \tjon oi- co],!), 

.1 c/:.\'/:a'.i / /)/.sc( ss/n.v. 

()t’iMNi, Ri'.iM’Is^ r.\,ini l’i:i -iiha i "i 'I iii l''\i;\i)\\ S<nii.i'\, 
Aiii.i ii D.Sc.. I-.ILS.. I- In.-.l.l’. 

Wi- I'.ni- mi l tiim llu i !>> ili-t II". ll.i- i|Uc.>Lion.. ii1 tlu- production ;ind 
..dli^.ilion ol coll!. rfii, ihc lici*, _ iicood (c nci.d Oi.icu^^ioii iihicli lias 
been arranged iiiidei the aii-pnc-.. oi ihi- I'.ir.id.iv .Sin k i\, often in lam- 
jiinciion r\itli others. ()n lhi> iiei.iMon \\e ii.ni' iated with iii t!u' 

H»itish Cold Sloi.iae and Jn- Awn i.iiinn. and I’rmident of the f'aiada) 
.''orii ty J wcliuiiie it- nienibcr-, to uiii Ille^•lln^. 

We ii.id looked lomard to li.ixiiir; «ith if. !•role^^oI• Kameilinuh Onne> 
•tnd I’loU"..!)' J, ibn* Men ot i ,t'\ ,.*n. ()n tlic e\e ol t)ie i ompli lion ol 

die .irr.inceinenl' loi t’u iiieeliiij;. lioHeCer, "■unci.- ■.ulii U'd .1 ,^reaI lonn 
In tlu- sudden and inn spilled ikatli of I'rolewir Kiitnen. 

Hi- was Well known lo many in 1-ai^bnd. .ind ihi-ieton. his loss is i!h- 
more personal. J remenihe'- liiiii when he Morki-d at L'niveisity C'ollece 
nilb .Sir \\ dliam Kanis.n. lie was altem.iids .ippointed to be I’rofessoi 
ol l*h\sies al Ihindi'e Le...ei.it', .mi! m ;ii,-e ^■>nn^elions he made mam 
liunds in f n.uland. lie v.as best known s''U nlilii .dlv for his woik on 
bin.in niis'uies ol 'aimds .;nd i.ipoin . IK- w.e l.iknis; an .leiive inleiest 
i» llie prep.tr.il ions foi ibis im elinp when hi. umim b death oeeurred. 
I’loli.'ioi (limes, ow me to deheale he.dtb, is ;dso ji*e'.: "iteil irom eoimn'a. 

■file dul\ of lepresi nlina die l,.'Mleii (. ■riofiimie J,.'boi.itoi i h.i.s theri-fou' 
f.illeii upon 1‘iolessoi ('romnieliii vif.m we are dili^hled and honoured 
in Wihomm.c lute. .M. (leoifies Claude ol I’aris w..s ,dso evpeeled, but 
Is un.ible lo he [iri-seiit. lit'has. iiowevei, si ni .i eommuniealion which 
Is in [iiinl and this will he te.id foi nim. 

fhis is not tile jilaec to no into det.iil in ii'ji.iid to the piiiH’i])le.s of 
meeh.iiiie.tl lelVi; ei.iiion. 'flu \ .Ot .ill h.iseil upon the liiiHLinienlal fact 
that lie.o will no! How spool iifously Irom .i < old to .1 .hot hoih : tile 
traiisleleif e e.ni he elleile'l onl.i In tile |ieilormaiii e of nieelianieal 
work. The most llu-ori ti< .ilh peril ei w, \ ol d.iiiya this is In ,1 i'on*rivani'i' 
whiili p.isses the workinji smist.iiiee Ihiou.ch a lexet-i'd I'arnot evele ol 
eh.ini;e''. In sU''h .1 I'M-le tin h.-.it l,)_. e.iii he lemined from ,! refriffeiated 
maltii.il at lemper.ituie T.,, .mil the amount (,), pas'-ed oui of the ststom 
iiilii a I ondenser .it a hi^ilier tempeiaiuie I, If ihe*.iid of ihe work,“A', 
U'liuired to effei't the I'iiances. when' 

1 ), - (), == \V, 

V I » - • 
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1^0 

So llinl (lie r<u;ttit iiMU of |iorfornianco = 

<J.- _ Q-.' ^ 

w - o, - n, I', -‘'■I V 

'rhi> v.ilue of tlu' ^■ol'ftil•il■Ill of pi'iform.ini o ri piv^oolN howcvor, llii- im- 
ml.iin.iliU' limit; in ]ir.ii-ticf. cwii if llu* (’;iniot i.' ainicil'at. iiil- 

(litiun.'l work h,i> to hv <lont.' owios; to frictional anil oIIut lo-scs and the 
coofli'-icnl of pcifoimancc !•; uhvavs reduced therein. 

I'he t'arnol cycle re(plirt•^ th.it the eompiV'-'ion and ixpansion .shall 
i.ike plai'e in a c'liiuK i in much the same n.i', as»in a steam eneini'. 
hut in the retiTsed sense. In mn h.mie.d lelriperation it is found to he 
iron eoiuenienl to ii-placi.' the e;.linder i\|>.!nsion Ir, i spansion through 
.1 liu'ottU* or \a!\e. In this espaosion less i .xtiaaial woik is done hy the 
s',stem than in eiliiulei eN!i.insion. and dieu-ioi/to elleer tin- same ehanpi- 
in other ivsjieets there is a ere.iter t.d! lor sup|)l\ ol cMernal work Irom 
elsvwhere. II tin prissun and lolimn eh.niin Irom and lo/.^and r, 
in the cxp.iii'ion tin 'voik done !' oi'.K A."- /'r’,. wheieas in .i etlii'der 

i xpansion it would n.ne lu en j/'i/"- 

'I’iie difierelKe is 



1 an .11 • iistoim d !" ..'i.e I'l n.inr ' ''id lo tins worl- that l.ols to 

} »< • '«i5 ii* ! 11‘.'' Ja*, 

wrk ..'•,u;dl’ il'iiu shiik drit .me, hi h.r.e lieeii done. 

'I'h' ' oil.lit.I,'ra< lelislli ol lie < \|) ih'oueh i !ho ■Itie i, th.il 

, mil rit.d eiie.’f'S H- /■.'• ■ ■ < onsl.oit. 

or li -t -■ I'll.si. ni 

Tlu* ea.mit- I' +/>.•■ i ■ h:'l i' usu.ih,' ki..'wn m J.neiand as 'I'ot.il 

Idem Ol lle.it ( onlei'ls. | suhuiit lll.it ih.-s-' n.ime .,ie not sati'laetoiy, 

i»Le.’Us<- lh.^‘ liuanlif. o not he,;i to e.-iiei.il ; and the plesenet heie ol 
a niemi.ei of the I.ivi'ii. I ...Oor.itot \ ein oiir.ipe-. iiu to pii-s llu el am.', 

ol till n.iiiie piopo-i-d :A kameiiinpli (mms, rvc.. M-U'ialpt—.i name 

whiih I hate tised lor vi 'ne ye.n ■ We i an denote it h_i II, whielt eaii 
si,III.' eitiiei foi e.ip;i,d it (Ileal ''oiitenls) Ol I'm tim lc Ii Ilinlhalp)) at 
th. .jpiioi III the •e,id'- 

'I'll.' oulhiii scIkuii, III .1 ('O. or Nil maehine is as seen in the 
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iJi;i"nini. I lie fluid is ki'pl Orciil.ilini; iiy ;i coiiinri'ssor pump. 'I'Ih- 
('\p;insi(in in thr; llirottic is IVoni C In 1). The-ciUh.ilpy doi s not cliausc 
in this (.Apansinn ; nnillinr does it l iiaii^n in any e()ni|)li-lc eyrie. \\i- 
ein write down the follott’inj; spe' irie.ilion ofthe xarioiis ehanm-s;--- 



wit:: 

TlIKO'lTI.l. !■: 

PANMON. 

I’.ah. 

1 h'»n'*e (i\ 1 tUfifaii . 

1 II..li 1 

i 

Ch.iiadfir ti's. 

AH 

Up.- ID 

i 

^.yluultrr LOi.ijirc 

liC 

III - iij,. 

' 

0 »i. laiil k . ‘liJ'.*’. 

CD 

o 

j .' 

‘IhitJilt c'p 1 • ‘h »tu p 

DA 

!'a Hp 

i *'a '-n 

4 t. • . ’ i. ^ - 


• ! 


Meni.'i-. loi d .>o-k done on ,s\ teni -- -■ 'l^)l..| he.ilentm 
= • iLx 4 !ln - He -h Hi, 

~ 11]) - H \ 'It I .ni e I le — H I, • 

I lie ilcal n nioeed hoi.i ihe lefiiueialed iliat.-iial at tlie 1 w Leinpt raturt- 
is H \ - llji. lleiii lilt 'SL iii.-ienl til perttiiiuani t is 

Ha - Hp 
IL. - lit' 

\\ III. linder e',p.!n-ii m the iHt.i an ■ 

wmi CM i.vt'i K i:\i*.A\sio.\. 




t hnr,»«' » } 

I ir.h.iir. 


licJt I Mi;\. 


MJ 

"n 


() 

i:c 

It. 

"1: 

- 


"n„ 

1; . 

n 

li, V 

11 . 

Hn„ 



\J\ lindtT coniprt‘‘*>«i in (corist. uniiojn ). 

pre.s-^. ctvihf;.;. 

CaIlhUt CM'.i'tM'Mi (Cont-t. Lnifoj«\ 1 . 

R fi'i i< 4 c*r.U 1 c c p( »j. i tit)i I. 


I'hi t oeftiiieni ol peilorinanee is, 

‘ L _ Ha - 111,., 

' Hp - 11,t ! Hn, Hp' 

la'-'iise llp>Hp, and (J.>U ihis i Npu'-sitm i», y,re.iler than lor 
ihioUle t \p. nsion. I he .nltip'.ion tit'ihe i.illei is j;o\enied by eonvenienee. 
] h.r.e ,t;i\en ihese reaills lo show the nupori.inte of enlhalpv*in dealing, 
with refii};eration problems. 

I’inoitle expinston is atlopletl loi t'inxt.nieiice, inn it is %'ell known 
th.it .It siililieientb iiish teinpei.ilures it |)rotliiees heatiny instead of eoolinp. 
I his is so loi htihoneii .mo heluini at nioderale piesiniies at o?dinarv 
lemperatuies. In siioh easts |»ie-i’oolini; is lua'cssaiA'. In the ftillowine; 
aeeount wt- will suppose that the flow is slrielU adi.diatie. 1 wi.sh to 
eiiiph.isise, wlial IS nol so y;ener.ill) known, tliai there is in most eases, 
.Old proliahlt in all ease.s, .dsti a mi aim urn lenipenilure at which cooling 
takes plat e. Sueli a point has ahe.uly lieeii expeniuentally detenuine.l 
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for C;0,j bj I'rofcNSors jenkin and I’yo.' 'I'lu- position found diroctly 
lay botwei’n - ’o j'’ and — 31" ('. Uy ploitinj; llioir data for volume 
ami tempiT.iUiie ] {".ileulaled in 1913- tlial its value must lie at a 

temperaluK- not nnieh removed from - 24' ti, wlieii the jiressure is 

about half the i titieal. This result is remarkable, not only owing to 
its be.iring upon the possible Use of a throttle at low temperattire,s but 

,ilso because it shows that /ii/iiid CO,, is, in this legion, behaving very 

nearh us a |ierfect gas-.-its volume lieing nearly projiortional to the 
ab.soltlte temperature. 

.Moreoter, .1 had |iie\iou'ly shown" that .dl the well-known eipialioiis 
of st.ite eonciir in indie.iting that such points should' e\ist. The con¬ 
clusions to be derired fioni tlu- r.irious ei|ii.uions .ne that .it ativ one 
pivssure the I an’ two inxirsion tempei.itures if .inv .it all; but that abo\<- 
.1 certain p 'osuie lu-.tling in passing through .1 thnuile is the uni\'. is;.| 
rule at all tem|)er.ituu’s. riles* lesutts ai\ shifwii ill I'lg. on which 



*’urvc 

„ H. 
C. 

0 I) (> 


van tier Wa-'.K. 
ntciciiLi (nuidihvdj. 

Claii'siu**. 

Inxrrsion !«»ini*s lor i , 


the ordiiiHl's*'- :iu- rkiiltu'ctl .in<i \\u- .lii-.'on- it-duffd 

'Plu MiiW'. '•Inn-vH u-}>r-tJv hoi'iuL- ) bi-ivn-'ii tiir hiaiiji;: 
and rc^iojw rm .Viimis af'd (rnm ( ^pk niJiffU. ’I lu- 

i-luiniic nt' piv^'Mrc Ml tin* inrntilc i'* 'Mnjh'M-d t<» in- 

A :> .}<<or(liui; in \an dt i W.uiK’ ri|i«.'tmn (jf >iatc. It vsouid 
indinati {h.ii tdi» ,i pst-sur*- tlian ninr linu • llu- >inu-.il tin- . 

would undf.T^o <tl all lcjn|M*i.iluri.s, als<» tiiai a nduM-d 

p^o'l^u^•♦oi 5 (loi fvainpl(%‘ ilic J'a^ ».oul(l < ooi ii t}5<‘ imipv mUiu* 
lay iHilwot-rf 5-.| a!!d f tin- criliral. Il <I'h- jmi appc.n ihat .nvt 

tiihsian''# follow.', van dcr Wa.iK’ (Tpi.aion Ijo\\« 
rurvv (' .K-vainlniL.' to (*!.iu^ius‘ r'jii I'don, 


: 'f* 



I) - .Sy. 


’ P/nI. Trujti., I ,n. A, \n .jgi;. 

' . Jioy. .SV»f'., A, \ c>J, I-XXXIX., ^77. 

P/uI. Mat*,, April, lyul*, Jum-, lyin 
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where «, fi, yare tlic. rcriuccd [rressuro, volume aiifl tenipt rature respectively. 
Curve JJ is, accrudlny to Dietcrici's form of etjualion, niotlified as regards 
the power of y in the indvx as follows;— 


2li 


exp. 





wlieie n is taken as 5/ ?, C)n the sjime f ur\<; are shown inversion points 
lor nitrogen (crosses) and for carhon dioxhie (small circles) obtained 
from Amagat’s dat.i of /, r-, T for these gases !>) making tise of the 
fact that at an •inxi-rsion tcmpcr.nure (at which heating changes to 


cooling 01 


fa.- 





O. These expelimental values lie 


.//wei/ /')'■, isr/v (.'// i'/'( ialiiil<ihil trom /hi'/i firii t'l/i'itliiin luith its 

.‘niiilijiii /tiit'i\. I'ls looling anil he.iting iigioiis for tlicse real cases 
.Oi lain lied in ihi diagi.im. The.se results ian he trusteil lor points .dune 
ihe ( rilieal |ioini. hui loi toiiei temper.it up s .uul iiigti pressures, 1 lieterici's 
jii.ition is niil i.did. 

It uill Is |)erfei.l!i cleai Iroiii the allow that no sui h l.iw as the 
inwe.i- s'lu.ire tem(ier.iture i.ni loi tin- cooling I'oelTicieilt can piissibly 
\al:d ill gi'iier.-l The true l.m iii.ii change sign twice or not at all. 
i'luse t.iels m.c not iia\e aiii niiportaiice in connection with food re- 
iVigei.iiiiiii. hi'i ill . die iioiKing suhstanii-s selected iiill ;dwavs he such 
... ,d oidin.ii'. tcii'.p .limes .o.-citlici lielim or at Ic.ist in the neighbour¬ 
hood of liu il inic'-.o tenipe'atiiies; hut tlii-x tl.i imposi' a limit to the 
loiie.l teinperaliire .ili.iiii.dile li\ thioltle expansion. 

\ i.irlhi 1 iioid ol explanation m.iy lie Useful. The f.dl of teiiijieiature 
III t.iioiile i xp.iii.aoe Is to h.' •‘eekoned iK-tween any two points (one on 
I ( il -ide o| ilii diioilli 1 c. nhieh thi xeloeilx of I'ov. e sm.dl. In the 
lii'o'.'ii \.d\e .ise!! \i ii ti.'-h xeloeities iil.ix he riMelietl, .iiid sini’e a 
eon .pde'.diie .cmu.iu o! . iiergi is tin n |'ie.seni .1. kiiu-o'c energx the 
lei ipi ..itiiie iii.'i f.dl . ‘h-iiirotl!, heln.i tin liii;d 'emperatiire. Ordin.in- 
hidiodi n.oiiie . shou-. th.il il then- iieie 110 fiiello.i in the gas the i]U,illtity 

-- ! would 111 il, nisi.mind into kiiieiic eoeigi. ultim.itely being le- 


odoiinid .IS I'oi li.es.,ge ,gi Is iiidei and tin- kiln tii iiurgv disa|if)eais. 
In toe ,11 lii.d ll'iid, le.ciion is m M-i .ihsi'nl.a.iiid is coiitiiiu.illy generating 
iir.il ..t ihe ixpen.e of hie kiiietn i iieigi . .ind tin- temperature ei'i'ii m 
ill V( ! I d|s .IS lou ,1s il otii.-rwise would. I'here may he 
I oiidi II siii.iii into till 'uimd 01 eiiii tile -.olid (■li.i.-.e in the nariows, hut 
ii.'ili ,.ihe liipi d o: oii'i i.io he li.ipped it wid p.i's on willi tin- curieiit 
,1, .1 mist .1. ■'1 el. c, 'd.u.dh melting In the Imtioli it expi-rielices until 
111 tlie null. I'.iii ol the pa:..s.ig-- It will liaxe a limpenitme gre.iter nr 
less than .It . t.iit .IS i.'die.iieil in the .ihou l•on.sidelatiol)s .ind shown in 
fig. • 




PAHT I. — LABORATORY METHODS OF LIQUEFACJTION. 


On the lowest temperature yet obtained 

BY 

Prof. Dr. H. KAMERLINGH ONNBS. 


Mr. I’resiilciit ami M(’ijil>ers «£ the Faraday Society and the 
British Cold Storajjc and Ic*- Assm-iatiou. It is with deep sorrow 
that 1 brills: to rciiii'inbraucc here the great loss seienec has 
suffered liy the dealli of ni\ dear friend and colleague Prof. 
Kue.vk.n. a mil less heavy ])i>rsiiiial loss for myself. On account 
of Ids many-sided work in e.siieriiiiental and theoretical thermo- 
d.vnamies. Prof. Ktem:.'; was highly interested in the present 
meeting. Mis beautiful Mork. such as the diseovery of 

retrograde i-oiidensaliim. lies in the domain of the eiiuilibrium 
of the licpiid and gaseous idia.ses in « liieh mi.xiures of gases 
seimrate. Tin- pa i t he woidd have taken in the disenssion on 
imhistT’ial processes dealing with stieh mi.vtures would .surel.v 
have lieen an iloporlani one. In the meantime he lookeii forward 
with great sympatli.v to my haxing the honour to address you. 
]f it should proie that 1 eimld not rea<l my jiaper personalty 
he promised to do so. I'he ila.\ helore his une.\peeteil death 
1 .saw him hi-ight and iii full vigour and it is a deep sorrow 
now to rememher tlnit the happy eouversalion wc had the last 
hour we siieiit together had its .starting [loint in arrangements 
for the present disenssion. 

§ 1. Introduction. — Wlien we approach the diseu.ssiou of 
generation and utilisation of cold from the point'of view of tlin 
application of lif|uefi(‘d gases in seimitifie hihoralories a^d leave 
aside the study of the projierlies of matter at low temperatures, 
including the priiieiph's of tlieriiiomctry in this doniam. there 
arc two points which eomo to the front. Th»first is to ooiisli’uct 
apjiliaiiccs whicli allow tlic making of measurements over all 
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llic rauKo oj' h'lniH'i'atiiros tliat have hccmiio accessible. The 
second to descend to a lower teni])eratifri' than liillierlo lias 
been done. 

As to the first |)oint the ])aj)er of Dr. ( ho.m.mhi.in fives'a'full 
description of the eiiuipuienf of the Leiden cr.voffenic laboratory, 
'riie paper is in \onr hands, so I have not to dwell on the 
details of this eqnijuiient. Itiit I hope to Jie alloweil to 
eiuiihasize that the true eharaeti'ristic of the Leiden laboratory 
is to be found in its haviii”- a .staff and a body of ludjiers as 
could onlv lie formed in the loim run of time. I!\' eon.stant 
contact with preeision research in differimt di-partnients of 
cxpeiiuicntal physics, as well as with the histoi'ical developineul 
of the means to carrv oxer these researches lo alxxa.xs lower 
I'an^es of teiii|)erature. this staff has becoine the iiosse.s.sor 
of traditions whieh allow of the aitiiliisiliim id' all experience 
trained in niasterintr ihe suecessixi- eiooeinie difficulties to the 
attack of new problems of most xarieil kinds. In this wax' the 
laboratory wiiii its staff reaii.ses in fact xx hat has heeoiiie more 
and i..jre an iiileri ational desideralom of seieuee. Seieiiee 
asks now in manv depaitmeots fio speei.ilisalion. .\n in- 
vestifi'ator woi kinu in a special lim- ami ih siriny to do an,v 
of his ex])i rimeiits ai loxx lempei-atuies, sax at tiiose oliiainidde 
with liijuid li.x'droeeu. ■.ill exideii'l.x’ find iri-e.if <>aiii if in ar- 
raiifiinfr his special ajiparalus for xxork ai these tem)>eralures 
he can di.sjiose of (!'e help of a xxill trained staff to make this 
arraiiffcment tis ei'ficieiit as possible. .Iml xx hen he has to 
jierforni xx ilh this .■i[ipara!iis i .xiicriieeiits xx hieh oflx i- maii.v 
difficulties in themselves..the he|]> of this staff xx ill idloxx him 
to couce.ntrale all his atti-iiliou on the e'.t ■ l■in,l■uls. the mtnii- 
]>ulation Willi lix'drou'i. eoiiiu loi o lo sax as if xvith xxater. 

The numb i' of )irobieiiis io be ir<ate<i in this manner is 
iuereasins ('xcry da.v. 

As 1 decided .so..o‘ 40 ,vears a<ro to uiiderltike xxork at low 
feni])<'l».'ltui'es. of course I hail the •onxiction that it xx’ould trix'c 
rcsidtji of xtiluc for our understandiiifr of the properties of 
matter. Dut the extension tiud importam-e xi hieh tlii' work iu 
tlii.# direetiop has al'iained. ha- widely surpassid anx antieipatiou 
ol niiiic. l)uriu;r the lime iliat modi'r:ite ipiaiilities of liqiiitl 
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air liiul Ix'eomo availalilo for liic cxprrinicnls wliirli first occupied 
iiiy mind, the necessity of some time mnkinyr incasiircmeuls 
tvitli ii<(iii<l liydrojfcn madi- itself felt, liefore liydrojfcii was 
lifpfeficd. iieliiini was discovered, which snl)staiice afterwards 
liroved to exieiid (‘iiornionsty tlie domain opi ned hy hydrogen. 
And again. Iiefore helium was li(|nefied the diseovejy of 
I’i.a.vi'k’s ((iiankim lent a totally new aspect to Ion tem])era1iii‘e 
work. After the liiinefaetion of helinm sn!)ereondncli\ity added 
an entirel\- uiiex|>eete<l field of researi-h. tko lliere is an e\er in¬ 
creasing nnniher of.prohlenis retiuiring work such as can l)e 
done in tin- liciden lalmratory. While on the one hand I shall 
shoi’lh' liaM' the great .salisfaelion to lie aide to weleoine the 
’'ii(pierying of helinm in newly .started cryogenic lahoratories, 
on the other Inind the internalional interest of the Leiden 
lahor.iloiy cont iiniing its hi-lorical line of research hecomes 
till more promineiil. 

There is one leohiem in thi- line which, as 1 s;iid hefore, eoiiic.s 
natnrall,\ to the front in tlie liiscussimi of to-ilay. It is the 
extension to lower temperatures of the range in wliieli 
researches can he carried out. ,\nd so 1 heg to he alloweil to give 
a preliminary account of i-\pi‘rinienis leading to the reali.sation 
of the lowest lemperatnre yet attained. 

i ‘J. First experiments. .\s soon as the effoi-ts to liipiefy 
helium had sin ei eded, it was of course in\esligaled whether it 
eoii:d he solidified also. This was even tried on the .same day on 
which helium had for the first time lieeii seen as .a liipiid. The 
method used was that of evapor.itioiT under redneed pressure, 
l-’ig. 1 shows diagriimniatieally the ap|>aratus in whieli for the 
first lime liipiid hernim lias heeii seen and the circulation 
a]iparatns that served to oldain it. lifter having been preli¬ 
minarily cooled in an appropriate way the eonijtressed hi'linin 
liasscs llirongli the sjiiral in the rvdVigerator in which it is 
cooled down to the tcmpcraliiro vif the hydrogen evaporating at 
the air ininip. Having hcen rcdiiccvl to this cxti’enuiK’ low 
temperature it enters the rcgcncralor-spirah tin' I'nd of which 
is ])rovidcd with a nozzle. Mere it expands: jiart oT it liiiuefies 
hy the LiM>i:-proee.ss and the va|>oui' returns hetwven the 
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coils of llie regcnei-alor-spival, the escaping helium vapour heing 
received in a gasholder and being compressed again by the 
pumps. The li<(uid helium collects at the bottom of the vacuum- 
glass of tlio lifiueficr. where its accumulation can he seen; *1110 
bottom ])art of the liuuerier glass was unsilveral: the surjuun- 
diiig vacuum glasses, the I'ir.sl one containing lifiniil hydrogen, 
the second one liquid air. wore also Ij’ans])aren1. .The gla.ss with 
liquid air was protected agiiinst condensation of tiu)isfnre from 
the air by a glass in which alcohol, "lu'j)! at atmospheric 
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temperature. cii‘eul;itiil. .M the liegiiming of the i-xperiment 
that was intende<i to i)r(Hliice refrigrTation liy I'vaporalioii of 
the liquid itself, the no/.zle was closed and the j>iiui]>s wei'(“ put 
out of aetiou. Tlie vapour emaiuiling from the helium at the. 
bot,toi% part of llie gla.ss of the lir|uefier pa.ssed under atmos¬ 
pheric pressure to the gasliohler. The helimii was seen boiling 
quietly. • 

111 order to follow ilie evapoi-alioii of helium at reduced 




pressure, it was only necessary to close the eonrieelion to the 
gasholder and to pift. into nctio]i the roinpressors now acting 
ar, \'acnuin pumps. The capacity of the [miiips appeared to 
he*gt’('at enough to remove the vapour so quickly that the 
tctripcraturo decreased considerably and, wJteii tlieir action was 
supported by a powerful vacuum pump, it was found that the 
jire.s.surc eould.dccreasc even (o one eciiliinclT'e, the helium still 
not ceasing to he a liipiid, 

At tliat time it, v as not possible tt) go further, as only an 
extenifjorisced .eonne^-tioii t<i the .said powi'rful vacuum pump 
could he estahlislied. In 1!)09 ilie ex])eriment was repeated 
after j)roper pis-paration to tlii.s end; tlie pump mentione.d, 
a Jti'nKii MiDT pump witii a. capaeity of otiO iM”. per hour, could 
develop its full power. Then it appeared that, even when the 
pressure decreased to two mms.. tlie helium did not bceonic 
solid. 'I'lioiigh. at this low temperature, the liquid lo.st its 
]ieeulinrily of Inving its surface .standing .shar])ly ilcfinod, like 
the edge of a knife, against tiie wall and now .sliowt'd the ordinary 
lu'operties of capillarity, yet its striking moljility remained. 

With regard to tin' obtaining of solid lieliuin, this rc.sull 
WHS di.saiqiointiug. irowe\er. it. api)ejired from this result 
that the, region of temperatures in which the i)ropcrties 
of siih.stanee.s could he inve.sligated by means of baths of 
li(piid lieliuin extended farther than might liavo been hoped 
for liy analogy with the other gases of low critical tempe¬ 
rature, and .so far the result was gratifying. For it is very 
difficult, to obtain by means of .some definite substance constant 
and lioniogciieous temjieratures below* the melting point of that 
.substance. Witli helium the difficulties would be so great that 
the temiierat.ure of solidification might lie con.sidercd a limit, 
below' which it could not he usefully employed. Therefore in 
ahseiice of a more \olalilc sulwlaiicc a limit would lierc have 
boon put to science. Each time, when with further lowering 
of the vapour pressure it is found that tiu; helium fomains 
liquid, this failure with regard to the soliilification of lielium 
means a gain: a new' region of lenipcralure, which on account 
of it.s oxlrctnc situation is especially importalit, hns^irovcd tft be 
accessible to u.s. 
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§ ;l. Improvements in the helium-cryostat and cycle ‘). — 

llap|)ily it has l)ocii |)ossil>h- to obtain a considerably hwor 
toiiiiu'faturo than has been incntioned above and we have 
arrived near the point, at which the low density of the vapours 
briiifis in n new limit, lielow whicli we cannot descend. To day 
1 will deal with the l■xperilncnts b\ which this jowerin^r of the 
hnown lindt of the li(|nid condition of helinni has been obtained. 
This athance, hoA\(‘v<'r. lias i^onc on trradiiall\ hand in hand 
with tile ri'fiiilar devidopincnts of the laboratory anil flic last 
stejis have only been iiossilde alter considerable improviMiient 
in various directions of the apiiliances for research in the 
ri'irion of hclinin teoipcrainres. .\ii iniporlant iniprovi-nient was 
obtaini'd when we succeeded in transferrinir the liquid ludinin 
from the apiiaratns in wliii-h it had been liquefieil to a cryostat, 
in whicIi lihe other liquefied ua.ses it can serve as a bath for 
dcfildte tcnqicratores in the oi’dinaiw wa\. The ervosfat (' is 
still clo,scly connected tothe hqilcfier /, n-oiiii>. I'ijj. Hi but the room 
in till cryostat that is .-vailable for cxi'> riment' is now no lonirer 
bloched at the top iiy I lie r»-ifi Uerator-spira i as in the first ;i|qia ra- 
tus. The necc.ssary tippiiances can be bronf>hl fieelv from the top o 
into the ciioslat (comp. fitr. 4/ii. whilst the b.ith snrronndintr 
the jiiiparatus may be obtained hi s_i (ihontnp- the helium from 
the liqueficr into the ervoslat. ■S'tlcli -i-Mi-itals h;i\'e lieen used 
alrciidy in seiertil "csi-arelics on the properties of sniislanccs tit 
very low lcm])eralures, cspci-ialU in the domain of elect l icit \ juid 
niajjnetism. h’iir. shows the apparatus joucthcr with ;i ditioram 
of the iiiqiroM'd hebuiii circulation, in which such ;i cryostat has 
been inserted. ’I'lic lielinm. that liquefies on leavin<r the no/./.lc /,■ 
of the ri'oeiierator-spirai, collects in the hottoin part of the liquid 
fier vacniini jhiss as in the first liquefaetion i\periinents 'I'his 
plas.s, howiwer. is not closed at the hottoin lint etids in a ilotible 
walled silvered .sy|,hon tube .vi fitr. Hi. jiroiided wi|h :i valve v. 

') f ftotfel'.ifli iteloiiiw lislae liere a etia.votriattic 11 ii;;aieiil 111 loll of tin: .stncl, 
of Itcliuifi li.\ till' spleiiiliil of tlie .\iiicricaii .‘itiivv, .'til AP., iiicl of 

Prof. Me t.i '.NAV. 0 A»! 

a) Pfoil.v vclieiaalit at, (laiin will ilie '•iiicle olijecis to scale. 
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^Vllell tliis valve is keiil, a sui)j)ly of liciuid heliuin eaii 1>e eol- 

leetcd in flic liciueriw ff.lass. l!y i)])enj|if? the valve (C()ni]>. r,„ 
fij?. 2 and fit?. 5) li(|nid helium ean puss to the aetual cryostat. 
This wyostat itsell' consists of an nnsilvered vacuntti «liiss, in which 
the liquid lieliuni is colleclcsl. This "lass is surrounded hy a second 



vaeinim sjlass. In silveriii" it l«o veriieai slits (eoinp. 5. p) 
at ojiposile sich's were hecni lel'l clear to veiuler visilde what 
hajipeiis ill tin' lielinin "lass. Tin- second vacuum •g’lass is 
siirrouiided hy a third one. silvered in tliV same way and. con¬ 
taining liiHiid air. 'J’lie vapoui-s arisiiiff froiii the cryostat and 
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those coming from the liqueficr arc received in the pumps P„ 
P (fig. :t) used for the following purpose; when the eireulation 
is in action these vapours are driven hack by the pumps to the 
liqueficr, there to renew' the supply of liquid helium. With’the 
arrangement set up the proec.ss of liquefying helium may 
be continued, whilst the actual cxperimrnl.s are jiei’fonned with 



the aid of tlK- lielium bath in ibi' eryo.Ktat. As soon as too much 
helium ha.s ovaporattsi from the cryostat, the siij>ply in the 
liqueficr may be u.scd to provide again tlic desired quantity. 

The iiiiprovenn'iii, in dctiling with liqtiiil liclviiinj obtaiinst by 
the scpSration of cryostat and lirpicficr, was acconijtanicd by 
an improvement of <lu! liqueficr itself that led to a more rapid 
prjjparatioii of liquid hciiuin and at the same time a more 
ecoTfomical use of liquid hydrogen, Tlic main part of the modi¬ 
fication consists of a more cfficicnl us<’ of the available cold. 
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The helium, after heinp: eoinprcascd to 30 atmospheres is divided 
(fig. 3 ) between two ^lirals b and ?>, that unite again, bring the 
helium through a tube eoiitainiug charcoal cooled in liquid air 
aiurare again divided into c and c^. h and c arc cooled by cold 
hydrogen vapour arising from tlic liquid hydrogen in the refrige¬ 
rator, b' and e' by cold helium vapour arising from the liqueficr 
glass. Iiotb spiuals arc much longer than in the first liqnefier; 
they unite to form the spiral « ami pass, .iiist as with tfle first 
liqueficr, after cooling In- hydrogen vapour surrounding a and 
by liquid hydrogen sjirroumling f, into the I’egenerator-spiral f, 
which is jirovided witli a nozzle k^). 

Tlcsides obtaining in this way by better regeneration larger 
cfficieney of tlie liqnefaetor, tlie e^ipaeity of tbc circulation has 
been increased by insertion of larger eomi)ressors P, P.^, which 
at the same time can act as vacuum ])umps. 

So in the new er\oslnts one bad for hours at one’s disposal a 
bath of say bOt) <'m“. of li({uid helium evajioratiiig at a prcs.surc 
of 3 mms. It was possible to jterforin extended experiments 
at tcminn-atures wlios( attaiuniejit. could hardly have been 
demonstrated in the early experiments witli liquid lioliuni. Such 
a cryostat with a bath of alit'ady extremely low temperature 
has been used with mueh advantage in the experiments on 
cooling heiiiim still further hy its own c\a])oration. The vapori¬ 
sation appiiitiliis I fig. -ll. in wliieh helium has been reduced to 
tbc lowest temiieralnre that has been attaiiud, consists mainly 
ot i; small donble-walled vacuum flask n (fig. -hn, containing the 
belium w Ioml it is cooled as niueb as possible, and of a w'ide outlet 
tube for tin' gas formed by the vaiierisation. The vaporissitioji 
flask is immersed i i*ig. 4 /v) in the intensely cooled helium bath 
of tlie cryostat T; the gas escaping from tlie outlet b leaves the 
cryo.stat through tlu' lid h which is eoniicetcd to powerful 
vacuum pumps T i fig. b). It is evident, that those pumps not only 
must cause a high vacuum, hut at the same time must have an 
cxtrcmcl.v high capacity at the pressure of (his vacuum, since the 
gas formed lq\' the \ ajiorisatiou will occupy a large volyme at 
atmos])heric temperature and at tlie low vaporisation pressure. 

’) For further portieulars see l..eiileii Comm. N”. 158 amt Suppl. N". 45. 









































Siliiililfly it is seen at once, that the aim can he attained only 
if the cryostat affonils o|>i>orlunily to these large volumes 
of gas to cscaitc hy a wide outlet, as indeed it did in the 
ajipaa’afus used. If the tubes in which the ga.s moves arc 
not, very wid(‘ or are not at very low tcm|)erature.s, the 
nioveiiicnt of tlie gas at tin* low pressures nnth’r consid(‘ration 
re(|nires differcm'cs of jirc.ssnrc of the .same order as that at 
which tile gas is jnniiped a«ay. These diffcrcmces of pressure 

iiiiglit form a considcr'ahie part of the ])rc.ssnre at which the 

Indinni evaporates. 

i 4. Temporary set-back. These two con.siihrations slmw 
already that gi'eal demands must he made on the appliances 
to he iiscil for the exiieriments anil csiiecially on the eaiiacity 

of the vacnniii |iumijs, if desecnt to a verx- low pressui'C is aimed 

at. .\ow in l!l|h an experinicnt had heeii performed in this 
direction on the same principh- as has hemi followed now, hnt 
with iiisnffieienl appliances. Not u it listanding that the cryostat 
was defieientl\ eoncei\ed. In a fortunate accident a lower limit 
for the Miponr pressure was reached than that ohtained in HMtlt. 
'I’liough this result eonld not hi> ohtained again on repetition 
of the experiment with apparatus arranged in the same way as 
when the experiment succeeded, yet there was left no doubt thiit 
the vapour pressure could deseenil far helow 'i.’J mms. without 
solidification of the lieliiim jitid that even at r. vapour Jtressnre 
of ti.'i mm. it would prohahiv not .solidify. 'I'liis ineatit, however, 
that in order to ensure a ipiiti' eertiiin progress, much higher 
deiiitinds luid to he made on the experinients than when one stood 
onlv at ‘J,2 mms. as the lowest limit. Thus many years elai>sed 
hefore one l•ould think of lowering the litnit below that acciden- 
tallv found iis (l.il mm. and this jirohicm had to he set aside 
and the treatment of various problems, more important for 
the moment and more in accordanee w'ilh the gradual develo])- 
metlt of the iippliiitiees was first proecetled with; e. gi those 
cottcerniitg the snpcrcondtictivity atid the thr(>shold valin* of the 
inagtielic field hy which ordimiry resistance is generated iifsuper- 
conditclors. 'i'he lowest temperature ohtained Vetnaine^l that wUieh 
eorresi>onds to (l.'J mm. va|ioiir-pressnre. 1 had e.stimated this 



teinpei-atnrc at 1°,15 K. Taking into account tlu' uncertainty 
of this estimation it would have been better to have said tliat in 
descending one had apitroached 1o nearly I'' K. As the state of 
the l)oliuiii work jirogressed it became more and more luJcesKary 
that a limit for the vaponr-])ressuve more in nceoi'dance with its 
new feature than 0,2 nun. had to lie given and e.si»eciaHy it had 
to be cstablislied whcllier it would lie j)o.ssibIe ti^ penetrate below 
1'’ K. At last liowever in liHO. this problem eonld be attaeked, 
when the difficulties of the ycai’s of war and of crisis bad been 
overcome. 

f 5. New attack. — l-’or the removal of the helinin from the 
evaporation aiiparalns a large llriu’Kii vkot vnemini ])nnii) I'n, of 
3fi0 31". per Iioiir cajiaeity eonld then be used, eonpled in .series 
with one of 18 31". eafiaeity I'u., and a Sii:mi;\s jnimp 1', of 2 31". 
capaeity. The arrangement ami treatment of the large high-' 
vacuum jnimii Tu, were su-b. that tbere was no possibility of gas 
being given off from the lubricating oil into tin- vacuum. At the 
beginning the valve.s, wliieli previously bail been kejit shut by 
meau.s of springs until the ga.-^ In its own inerpressni'e flowed 
from the ]ii‘c.s,surc side of the iniimier into the outlet, were note 
opened and .shut by a miiluinieeil arrangi went at the eorreet 
moment for the equitlising of the iiressure in bolli sjiaees. hater 
oil the valve.s on the pre.s.sure side were taken awa.\ and the 
latter eonneeted .simply to tlie suction side of the auxiliary iiuni]). 
AVilli thus pumping arrangement whieh liad a limiting suction 
pressure of 0,04 rnni. (in the. best ea.se OjO'dii nim.) and witli an 
evaporation glass whicb, Ibough not so good as but in (he main 
set up like that which served for the exjieriineuts which I shall 
describe, a \olunic of 2,7 litres of gas pi-r hour fmeasured at 
N. T. P.) eonld be i-emoved and the ))r(-.s.sm’e of suction at. the 
top of the cryostat reduced to 0.1 min. It was eoiieluded that 
the vaporisaiinn pressure, was again smaller tliiin had been 
obtainod in 1910, perhaps it may he estimated to liavc been 
reduced to O.lo mm. Wlioii tlie pressure had fnlleit to this value, 
there ohouri'cd no further change in the ovapoi'ation, eipiilihrium 
between tiie.hcat received and tlie cooling by eva])oralion being 
attained. 
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The helium again did no! selidify and the limit foi- the pressure 
had again been somc^that lowered, which again led to higher 
demands on later exifcrimcnls. 


5 (i. Battery of condensation vacuum pumps. - Beal 
progress could he made only by exeeuting a long cherished 



plan, namely: (he eoiislruelion id' a vaeiuim laiiap-eoiuplex oC 
very large eapaeity wilh extremely low suelioii pi'cssurc^ This 
was iiiteiideil to consist ot' a large numher ol' Ijanumiiik Vouden- 
sation pumps coiiiieeted in parallel. In the first sleji'was 

};iadc ill the reali.saliou of this plan and sinei; then the battery 
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of jmiitps has liooii irsrularlv ciiiarfrcil '). In tlu' i-xporiiiionts , 
now ilcsci'ilx'd tin- lijillor.v hail atrca(I>* {rron ii (I'itr. T)) info 
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ill jiiirallol into oiio .siiifrlo fiunjilex. The llnRCKiiAKDr iminp.s 
coiniwted ns liofore in series sewed as ilie iiiixiliiij'y ininip. This 
is .shown dia<rr!innnn1ically in ri>f. .5'). 

Til*' laitlery of twelve fjla.ss pumps (.see Tiff, (i) eonsists of three 
series of four iniinp.s, eneh .series haviiifi: (ns later !i|)p<‘areil super¬ 
fluous) a Lwomi'iu innnp ns iinxiliaiw (fisr. 5) heforo liein}? eon- 
iieeled to (h(‘ actual auxiliary eoii.si.stiuft of llu' eouijilex of 
lilTUt'KliARDT lUiiMps. Ill this battery the niereury of the eouden- 
satioii (miiips is heated by iiusius of fia.s. Since flames arc not. 
jiermissible in such a room as the ih'parluieul for helium experi¬ 
ments, the battei’y is*built into a small sepai'ate room in the 
department. The room eontaiuin^ the batten is Aentilateil with 
outside air by means of a fan. whieh maintains a blast of air 
throiieli till' nieks in llie walls into the helifini department 

.\li eoiini'etions to be found on the "la.ss pimnis were made 
^ly sealintr together. The different series wei'e <-('ment<‘il to the. 
Clipper suetion-tidles wliicb united in a main 1 ), of twelve ems 
diameter. ,\.s far j.s (he cop]ier lubes Aiere not .soldered to I'ach 
other, they were cemented tofrether just as the main is to the 
cap of till e\a]io."alion apparatus. The onl.v eonneetioii by rubber 
was that of the tubes comitiir from the auxiliary Lv.Nusiriu pumps 
to the snetioii lube of the Iturckliardi Ih.,. Further, all the 
eopiiei Used is varnished. 

In oeneral the iron piimjis are not so suilabh' for the hifihe.st 
^vacuum ;is tlie irlass ones, but Ihev are (|iii1i oood enough to 
proei'ie the hic;h vacua with which we are coiiei rneil here. They' 
are heated electrically and attention must be jiaid eontiniiall.v 
ill Ollier that one of the cemented eonne,ctions iloes not fj;ive wtiy. 
Itiit I will not further dwell on these details, nor oil the adver¬ 
sities and di.sa[ipointnients whieh necessarily aeeoniiianied the 
ex)>erimenl.s whieh I am de.seribinir now, before they were 
eoneinded .satisfaetoril.v ■'). 


') Piirtly .si'liomnticiil, partly with the sitiele ol.jci-ta to sctilc. One* slioulil 
itvke, into accouat tlic historical ili'vciopmeitt. 

-1 ill case of enterccitcy' all flames can lie pot oat at once, 

3) \Ve innst point oat that it' one of the pomps s.iiiilcnly ^orst, a terge 
cpiaiitit.v of air vvhooht Iiave to lie ris'eiveil I.y the III tieKii.viiPT-ponip. liesides 
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By the aid of the battery wilh which I am dealing now, 
on a siiolion-pressuro of 0,005 mm. at the evaporation 
apparatus, a capacity of one litre (at N. T. P.) of removed gas 
per hour was finally obtained, corresponding with an evaporated 
quantity of 1,25 cm“. per lioui' of liquid helium at 2° K. 

§ 7. BSinimising the heat conveyed to the evaporating helium. 

— The very large capacity of the juuiquiig arr,*liigemcnt may be 
utilised the better, the more the helium wliieh has to be va])o- 
rised is i)roteeted against eonvejaiiee of beat and the more the 
frictional resistances between the evajioVatiiig helium surface 
aud the pumps are diiniiiisheil. Uoth requirements are, liowcvcr, 
very difficult to combine in the eonstnietion of tlio evaporation 
.ipimratus: a wider outlet tube will diminish the frictional' 
resistance, but at the same time it will give I'ise to a larger heat 
conveyaucc through the glass walls and es|>eeiall.' by eonduetiou, 
in the eolumu of gaseous helium in Ilii‘ tube. Ibilli requirements 
have been .sati.sfied as inneh as jmssilih' in tlu' eonstrueiioii of 
the I vaporatioii ai)pa!alns .shown in fig. 4. wbieli was n.sed in tlie 
last experiinenls in 1!I20 and 1!I21. < Kni ilie incaning of .some 
dc'tails of the eonsinietimi see als<i if !• ami lOi. ISesMes the small 
evaporation flask n with donble-walled cvaenatc-d interspace and 
the similarly doiibie-t ailed outlet tube h. the interspace of wbie-h 
can be evacuated tlirongb a lap we notice a single-walled 
part (/. Advantage is taken of the latter hi iiitroduee. b.v means 
of an artifice, liquid beliiim into the evaporation-flask. To 
bring this Jibout. helium is inlroilueed info tlu- lieliiim space 
connected with the higb-vacimm pumps, i. e. the cva])oraljon 
apparatus, the eoniieetiiig tube to tlu- ptnniis and the itutnps 
themselves, the batt(-ry of conden.sation jnimiis iiiul the auxiliiiry 
Ituinps being out of action. The pressure is thus allowed to rise, 
above the A ajtoiir jire.ssiire occurring in tin; bath of the cryostat. 
Inside, the liquid helium theti flows dow n tilong the walls and so 
fills ^hc bottom part of the aiqmratu.s. ]>y again luilling into 

wifcti^ to the Burckliardl ii.«clf n s-hul 1 iiij;-slii 1 r- ha.s liet-ii plat-rsl in th(> 
8uction-t«bo. TIiih sliilij c-onld lie sli.it on llie first signal. 

f) Any entiill lowerings of the vartiuni l•ons('(|uc■Ilt on tlio jircscncc of 
soldered metal can Ik- reiindicd li.v lliese nteaii.s wlienevcr nor<!Ssn.r.v. 



action the auxiliary pumps evaporation under decreasinf? 
pressm-e is liroughl about until only the required quantity of 
liquid, lifiliiun is present in the evaporation glass, in which, 
protected against heat absorption, it cools further until, to go 
lower, the high-vacuum pumps have to be put into action and 
the actual experiment cun be commenced. The pressure under 
which suction occhirs at tlie cap of llio evaporation apparatus 
is measured with a McLeod manometer M, fig. 5. S]>ecial care has 
been tahen to ])r(!vent heat jieiKUrating by conduction or by radi¬ 
ation into the bcliiini ill the evaporation flask. It is ueecssary to 
pay attention also to tlie radiation given ont by parts of the a])i)a- 
ratus remaining at ordinary temperatures, e. g. that, coming from 
the cap above the outlet tube through which the evaporised 
helium is led away. 'I'be order of magnitude of this radiation 
giay be estiiiiatisl b.v (•nm 7 )ai'i.soii with the total blaek radiation 
from a plane sni'I’ace (Lti. KL P. 2’“^ gram-ealorics per hour and 
per em".). Sub.stitntiii" the value of the ordinary temperature in 
this cxi>ressioii oin' ai’i-ive.s at ;50 gr. eal., wliieli, on aeeouut of the 
small heat of vaj'orisatiou of heruiui, about G eal., suffiec.s to vapo¬ 
rise a c|uaiit.ity of ]i<|itid wliieli occuifics .some 30 litres at X. T. P. 
when in t lu- gaseous state. The 7 )inuii-coiiiplex Ls, however, ealenla- 
tedto remove at tlie jires.snres under emisidcration only a quantity 
of gas corresjiondiiig to one litre at N. T, J*. jier liour. The radia¬ 
tion towards tlu' evajioration flask should be received as much as 
po.s.sdile by ojiatine metallic screens vvbieb arc cooled down to low 
temperatures, iireiVralily to the temperature of the helium batli 
in the cryostat. 'I'lie radiation from .serecus cooled to this degree, 
on account of its dependency on the foiJrth power of the tempe¬ 
rature, is so small as to lie negligible. Protection agaiu.st the radia¬ 
tion falling sideways on tlie walls of the evaporation flask may be 
especially easily realised: the entire lower part of the evaporation 
glass is surrounded liy a metal howl, the upjier side of which 
exleJids beyond the surface of the liquid helium in the cryostat. 
In this bowl two slits are left open in order to rendfr the 
evaporation fliisk visible throtigli lhc> imsilvcreil strijis of the 
vacuum glas.se.s. As a rule the slits are kep^ shut by means of 
two screens, which ma\' he rotated around the howT. They are 
refhoved only when the level of the liquid mn.st be observed; 
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/or illiiiniiinlion, use is niinlc of ii inotal rilainent. Limii, iiliired 
bcliiiul ill! aliiiii solution, lii order It) shut ori'lieat eoiiveyniiee. from 
above by radiation into the evaporation slass an arraiitr(;monl lins 
been ennstrneted, b\ wlvieb the whole - - nnule by Mr. lCKs.sKi,KiN(i, 
eliief of tile dower depiirtiiieiit - - l)eeamc a inasterpieen 

of llie filassltlower’s art. Above tiie evaporation flask a there is 
•sealed into the }{hiss a dnuble-walled eaj) .r. the Tnler.siiaee of wliieli 
is eonneeted to the outside id' the vaeunni tube, Tlie helium in 
the cryostat flows through the annnlar spare id' the eaj), the 
nivper side of whieh is blaekened and tjle loner silvered. Radi¬ 
ation from above ran onlv penetr.'ite by rerieetioii :don{f the 
walls (d‘ this eaj*. The heat fraiisferi-nee from above has been 
fnrtlier minimised b\ narroniii”: don n the single-nailed middle 
part as iinieh as the stren"lh of the apparatus and the ([iiantity 
of e.seupinsr vapour would allon. Further, sereeiis // eooled by titf 
aseendino oas and by idher means to n hieli we will lefer later, 
were .so placed in the outlet, that tlan did not hinder the 
free esetipe of tin- vapour The inner widhs (d' the outlet 
were blaekened nidi a mixlun of soot and eellnloid solution 
in order to diminish tin- refleelii;o ]iower. Fimilly. there 
.serves to tin same end the spiral S/i ihid has been inirodueed at 
the toj), Ihroii'di nliieli liipiid livdroiren is forced and which 
removes part of the he.at nhieh otlu-rnise would have been 
condueted belon by the nails. In iinoliui- resin'el also tidvan- 
taoe has lieen taken of the uhissbloner's art in the eonstrnetion 
of til's evaiioration irlass. .\s ne have seen, the outlet tube htis 
also ;i doulvle-nalleil njiiier p.art. silvered tiiid evtieiiat.-d hetneen 
llie doulile wtdls. The s)^-,.v,.,vs nhiel. originate on tieeotiid of the 
Kretit differciiei- of lem))erainre lieivvee!i ilie inner iuiil outer 
walls are taken by a metal ea.--e a soldered to the "lass iind 
.serviiift as a sju'ine. The heat Iransfi rred fenm iibove to the, 
lower jnifls tliroii<ih the wtdls aeross the ntirrovv iiif; is taken up 
by the bath of the ervos'at the level of the liipiid in the 
ervo.stat bein<f alvvtiys k(-(>l almve the narrow portion //. Iti this 

- -0 ■ 

f 

'! TIk* tJjii'* iMctI t‘> (In- hiili) lifir- iio pfi'fcfiiihic inf]u(‘nr,o on 

ml‘* ‘>r •vojif.ni'M-n on*! hfin-o i.ii inno iliin/i/f vhirh tJu* 

<-an Ik* fontioMMl, 
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way it is Iriorl to ciisiin' lliat the t('iiipcratur(! of the lieliuiu 
Ras ahovo the evaiioi'jJtioii flask is not ai)i)i'<‘(‘iahl.y liighor than 
that of I lie hath. 

Tlw lioek of the evaporation flask in which the (n-aporation 
imrh‘r very low pi-essure oeeiii's was long and narrow, firstly 
to )•e(lu<•e till' li(‘at eoiKhiction throngli the glass as limch as 
j) 0 .ssilil(>, the small radius allowing the inner wall to he iiiado 
very thin and secondly to make the velocity, nitli which the 
viijxmr escapes, great <'nough to cany awa.\ the heat wliich 
otherwise would eiitei^ln' eondiiclioii along the eolumn of helium 
gas. Ill all this attention has heeii paid to the limit at which 
disadvantageous frietional resistances would make their ap¬ 
pearance. 

.Ml the alime iiientioned precautions having heen taken to 
jiroteet tli(> lieliiiiu ill the e\ai>oratiiin flask as inueli as jio.ssililc 
’against heat traiisfereiice. the \a]inris:tlion ajiticured to have 
been rediiecil to (l.!l litres of noriiian.v measured gas. The 
suetioii iircssiiic |irodueed to tile higli-vaciimii puiuiis at the eap 
of the evaporation ,i|)parafus was siiown to he II.IHl.'i.") mm. !).>' 
the .Aid,cod-gauge. 

Ill the hope of l■cducing the (piantii\ of glass wiiieli finally 
iiad to he cooled down liv the evaporating helium, an espeeiall.v 
thin-walled small vai'iiitni glass < was placed at the hottom of the 
evtiporatioii I'lask. It was thought tlial on eoi.tinned jmminng 
the litpliil 111 the small glass would eontiniie to evaporate alter 
the liipiid surrounding the glass had evajiorated. so that 
the eireuiiislauees for eooliiig the helium would lieeome more 
fuvoLirahle. as less glass had to lie eiiylcd and less iieat would 
he Coin I .\ ed along’ the wall. It w ill he seen ]>resenlly thal 
jieeiiliarities in the course of the evaporation hroiight it about 
that the liipiid level inside ami outside the small glass .sank 
at the saiim rale, .'is regards further progress in reaching 
lowv'r temperatures, llie liovvl di<l not lii'lil exiieetatioiis. 


§ s. Minimising- the frictional resistance on the way^from 
evaporating helium to pumps. — 1 will now proceed to (Wscuss 
the niiuiiiiisiiig of the frielioiial resislaiiee of t^e viipoysed helium 
in the (‘v.iiiuralion apparatus on its wa.v ironi the. liituid suiiaee 
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to tlie liigh-vacuuiu piinips and lieucc nsing tlir. low-siiction 
pressure of the pumps to the best advanfago at the evaporating 
surface. The width of the outlet lube could be increased only 
as far as the size of the top of the cryostat o (comp. Yig. 4b) 
allowed. The opening in the latter eonld not be widened without 
rebuilding the whole cryostat*). 

IVith the gi'calest width at iireseni availahje for the outlet 
tube, the ga.s would, as a conse<iueiiee of receiving heal in 
asecJidhig, aciiuire so gi'cal a velocity, that a frictional re.sis- 
tance much to large for our experiment's would occur, unless 
special means were taheii to ]>revcut this. For this iiur;)o.se there 
has been placed in the top of the outlet tube a lining that can 
be cooled strongly by external means. This liiiiug consists of the 
copper .s]hral Np throiigli which litpiid hydrogen I'lin be led. The 
.spiral is eouuectc'd to a Dewar flash of rt(|uid hydrogen and the 
liquid is forced under a .small overju-e.ssure through the rornierf 
the su])i)ly being regulated by a flow-meter showing the ((uantit.N 
of e\aporised h\drogi n. Not only does this lining, thi'ough being 
thus cooled, reduce considerably the luating of the vapour in its 
ascent through tin- outlet lulu- ami (-outriluite to the in'cveiitiou 
of radiatio-U by tlie cooling of the carious screens, hut it also takc.s 
up, as we have siiid. part of lln- Imat pctielrating from above 
along the glass walls of the evaporation glass. l!y means of a 
small resisltitiee Ihermometer jihu'ei] undi'rthe lowest turn of the 
coil it can he ascertained wiiether the arr:ingement is working 
properly; in the exi)eiiments tiuit siieeeeded hist the tempe¬ 
rature uuderiiealh the spiral th'erea'-ed to - 20()‘^ C. Tlien the 
I0.S.S of pre.s.stire due to yietional p-esisiai ei-, as we shall see. is 
reduced to only 0,01 mm. 

§ !). Determication of pressure. • hi determining tin- j>ressiire 
in till' s])nee immediately above the level of the cviiiiortiliiig 
iieliiim use was tmide of it re.sistaiiee manometer. I’ressnrcs such 
a.s thogc which occur above the sutTacu of the evaportiting helium 
are too stuall to he measnn'd by means of it suitable mercury 

'j'Sc' e.Nlcii.sivr' worf: ni-i<>s.‘iarv fur llic- cuiistruction of a further cryo.slat 
vvilli :i '.uder tijii iiiii'^ ut the tuji is in I’hikI. 
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manometer except 'with a very rigid arrangement sucli Jis would be 
very troublesome in thi* ease. From this point of view' a resistance 
manometer i.s already picfcrablc. -Tlie manometer tube further 
iruiy’hlve \erj’ small dimensions and the manometer can be 
calibraletl very well for i)ressuros l)etwccn 5 and 20 bai-s. 'What¬ 
ever manometer is used, if the sx)ace of the manometer is at 
ordinary Iciiipergliu'es and is eoimccted to the space at the lower 
teiiij)era1iire by a narrow tube, the ]>ressiire in the nianoinctcr 
.sjiaee will not be e((ual to that wliieh has to be measured. At 
the low ])re.s.surr at \^Iiieb the beliiim evaporates, the mean free 
path of the gas inoleeulcs. except where Ibo eoiinccting tube is 
at a very Jow hnnperalure. is«])rol)ab)y many times greater than 
the diameter of tlie tulie. IJelweeii the sjiaee at low and that at 
ordinary temperatures there occurs !i pressure differeneo equal 
to the tlicnnal molecular jiressure. The ho))e ’) that this diffi¬ 
culty iulienmt in iiK'asunng iires.sures at low temperatures 
eouhl he avoidiil In' (he usi- of the resistance manoiuctcr, 
as it was here po.ssihle to kt'eji the manometer tube itself 
at a low temperature, has happily been confirmed by a .scries 
of e,vi)eriments carried out in (‘ullahoratiou with Jlr. VAX Gulik. 
So the i)i’(‘Ssure below in the evapoT’iition flask lias hoeii dctcr- 
luijied by means of a JTsisfanee maiiomeler, the manometer tube 
of which was kept at a temperature hut liltle above that of tho 
cvajairatijig lielinm by being iimnorsed in the helium bath outside- 
the eva})oratioii flask, hi fig. 4/) and c Ls show’n how the mano¬ 
meter tube i.s s(>alod to the lower part of the cva])oratioji gla.ss; 
in fig. .') the arrangements 11' for llic measuring of the resistam* 
are shown diagrammalieally. At first .sight it seems doubtful 
wlicther the jiriiieiple on whie.li the resistance manometer is based, 
l iz. the change of resistance of the manometer ware with tempera¬ 
ture, can bo ap)iliod at a teinjieraturc so low that tlic resistance of 
the wiri' has not only fallen to a very small value but also docs not 
change wit h teiiqioratuiv, as is the case with a platinum wire at the 
temperature of liquid helium. Hut it appears that the resistance 
remaining sit this temiieratnre. viz. the additive resistance, js still 
sufficient (if a still .serviceable small eui'i'onl flows throilgli the 


’) Of, Ix’itif'ii Conini, jStijipl. Mo. 34o. 



wire) to heat llie wire until tlic teini>erature is reaelietl at wliieli 
the vcsistiiiiee he^'ins to increiise ilisliuctlt’ aixl so the inriueueo 
of the pressure on the loss of heal from the wire becomes obser¬ 
vable llirouprh the difference of eui'reiil iiecessiU'.v to iimiJitiiin 
the same resislance. TJu>n}fh the ineasni’intr apparalus, if useti 
in this way, becomes a means rather of indicatin'; than of mea¬ 
suring the jn'essure, yet by calibiation at knopn prcssiiri's the 
desireil aim is attained. In this ealiliratioii the apparatus was 
filled with <;aseous lielium .at rest and witli its lower end immersed 
in the same way as in llie exi'erimeiits in, the hernnn bath. 'I'he 
ui)per part prut laKliu” into the cap of llie eryostat reinaim'd at 
ordinary tempeiaturcs. The tube 1/ is not wide enough to l•ender 
quite .suiieT'flilous a correction for the thermal inoleinihir 
jiressure between the nppci' ami lower |iar1s. 'I'he aeenraev’ ol 
the values of the prcssuies, whi<-h will be ^i\en presently, will 
he increased Ihei’cfoi'e. when the uneerlaintv resnllino from the' 
fact tlmt the eorreetioii lias as \et onlv liei ii < ith iihtli il . wdl lie 
I'emoved hy new i .r/ii rimnils. 1 will no! dwell. l,oue\ei', id 
present on this eorreelion. w iiieh is only (l.tlDd inm. .\lso we 
ueoleet the differenee which in:i\ still i xist between the pi-essiire 
in tbe inunometer lulu :init tliat !it tin- suii'aee of llie lieliuin 
itsel f. 


§ 10. Stiniag' arrang'ement. Lastly we have to mention 
tbe small stirrer r ii'trodueed into tbe esaiioration flash n. With 
the arrangement of the exaporutioii t;la.ss sliow ii in fi^;. 1 it 
consisted oi it horizontal L'lass disk allaebed to a vertical olass 
rod. It can he moved up imkI down b\ means of a wire atlaciied 
to a rod. wliieli jiassi-s a oiass Inbi in the eaj); the tnlie is elo.sed 
li\ means of a paekiii*; aland'i. 

i 11. The final experiments. - l-’or the sin.. of tin- experi- 

imiil wit h 1 lie eotnpiieal ed arriUia'aiienl whieh has been described 


') ti. ini eailier e\|,eriii',eiil r -|iiiiiu was iiiseneO lielweeii the wire tonl 
llie I’f <1. {liatueiii! was -(isj..>n'le(i I'roiii tin wire inateait nt llie 'lish. !f 
the‘lieliuin tia-l ?ol'lirtl'i' Mini ll'«' lii.’iiH'iiitl cniMuihtc'H’d 1lu‘ 

sjniiiij v.fnilJ liuvii ?4U ill it> inu\i’iit<Mil uj‘ ;ijh 1 i!n\\ii. 
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(and of which fiff. 7 pivcs a view), it is necessary that lunnerous 
operations should lie flcrforined each in the time allotted to it 
and in rcKidar order, the success of each of the oi)cvations thein- 
selvc^s Sepeiidiiig upon careful jireparation. 

A sn.'all aniouut of condensjition on one of the glass walls 
through which the cva[(oratio!i of the helium must be watched 
suffices to rendcf observation iinpo.ssible: on walls cooleil in liquid 
hydrogen a gfis ri'iidered impui-e by traces of air give.s eoji- 
den.sation. On reflecting on what is required to keej) the gla.ss 
walls through which ^t is necessary to see, iierfe.etly transj)Brent 
for hours after licpiid helium lias been introduced for 



Fig. 7. • 


the first time into the I'rx'iistat, it will be understood that T am 
gri'atly indebted to .Mr. Fi.isi. the chief of the technical depart¬ 
ment. for his devotion to the work. Thanks to him everything 
went according to idan. 

Marly in tiu' morning tlie preparation of 'ii litres of liquid 
hydrogen was commenced, the previous day having hecn spent, on 
the one liaiid. in evaenaling tlie aiqiaratns and fiirtlier putting 
it ill w'orkiiig ordi'r and. on the other haml. in prejiaring a,suf- 
ficient quantity tmoiv than nO litres) of liquid air. Meainvhile tlic 
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following pvc'pai'ations were carried out: the helium circulation 
was fiirlhcr put in order; the. piiniij, which had to remove the 
hydrogen from the heliiun liquefier at reduced pressure, was 
started; the space reserved for the liquid air used in coofiiife the 
hydrogen was next filled and the liquid hydrogen simee filled, 
after having heen first ecHiled with dj-y cold hydi'ogen gas. At 
12 o’clock the liquid helium could he syi>honed ovcj’ into the 
cryostat, after which we ju-oceedeci to cool tins hath further hy 
evaporation and rcrilliiig liy means of the helium circidation. At 
1 o’clock the condensjiiioii of the helium, into the evajjoratiou 
apjiaratus could he ^•ommelleed and liie hottimi pai't of the eva¬ 
poration glass was filled uji to somewhat .above the, double-walled 
cap mentioiKHl earlier. .\i ahont ;> o'eloeh ilii.s helium had eva¬ 
porated so far as to occu|n oid\ the lowin' jiart nf the evajioratioii 
flask, the evaporation taking plaee fii'st under llie action of the 
auxilmry pniiq; cumplex. laicr on under iluii of the comhined 
high vacuum and anxiliar^ puiiqis. winch serve for the removal 
of the helium from tin- c\:ipora1ion iipjiaratiis. The evaporation 
was fui'thor olwerved alternately with thf naked eye and with 
the telescope of it eathelometer. lice screens ai-nund the evainiration 
flask being kept shut as iong as jcossilile. Ni illier hy iiie.-ins of 
the stirrer nor with the naked eje or with the teleseoice eould 
anything he observed that ]iointed tn the .solidiflealiou of the 
helium even at the lowe.st viiponr pressure ohseiwed ; tJie licpiid 
retained its great mnhiliiy llirougiconl. 

5 12. Evaporation at different levels. - I•'llr1ller, it was 
observed tliat contrar.v lo,ilie expeetalion tlial tlie layei- oiit.side 
the small glass would evajuirate first and then the helium 
inside the glas.s, both Ihiiiid levels fell at the same rate, so 
that they I'cmaiiKd in the siune horizontid plane. If (comp, 
fig. 8) hy means of the lid shaped .stirrei' r ffig.^4a; liquid was 
thrown from the inside 1u the outside, tin- outside level fell 
rapidly while that of tlie liquid inside rose niilil they were 
again^in tin same idane. If, hy removing the screens and 
allowing the radiation from a laicc]) to fall on the evai)oratioii 
flask, the ojder layer was caused to evajeorate, after turning 
• the screens the outer layc-r was re-formed at the expense pf 
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the helium within the small glass, and incroased until both 
levels were at the same height, after which both again fell 
at the sanic rate. The speed of readjust¬ 
ment •bj' tills di.stillation was striking. 

A correct judgement on tliis phenomenon 
will only become ])o,s.sible. when the 
determinations we have in view coneer- 
uiiig the heat coiulinUivity of glass, of 
helium va|)oiir and of licpihl helium have 
been carried out, wlidst a knowledge of 
the latent heat of evaporation and of 
the siiccifie heat of H(|nid helium ami of 
glass and of the \iseosity of gu.seou.s 
helium is also desirable. 

The property of a maximum ileiisity 
^bown by helium lias of eonr.se greuit 
influence on the oli.served evaporation. 

Observations in tUlI had brought this 
projierty to light, but it was not .snffi- 
eiently established whether tJie dimsity 
ting value or wbctlier it decreased at .still lower temperatures. 
That the latter is the ease has been esiabli.shed by a repetition 
of the exi>eriments undertaken in collaboralion with Mr. Koks 
aftitr the completion of the (‘xperiments with whicli we arc dealing 
now. This eonfirniation holds only so fai' as the iX).ssibility of 
some, peculiarity in the ex|mii.sioii of glass is excluded. On cooling 
the surface of helium below 2,2“ K., the coldest layers of the 
liquid remain at the loji. While in ofUer eases in working with 
baths at reduced jn-essurc cave ha.s been taken to stir vigorously, 
ill this ease stirring lias been omitted, as this would have 
made a ehiim on the already small amount of available 
space at the toji of the eryo.stat. The presemte of a stirrer in 
the outsidi! btitb would probably have mtidc tJie heat trunsfereuce 
to the evaporation fhi.sk still smaller than it actually \i’as. It 
was hoped that the means whieli have been iijijilied would have 
reduced the heal transference to one half of what it seemed to 
be assuming that Ihere is no special eiiauf^ in tin; latent heat 
of vaporisation. 



Fig. 8. 


iipproaelied a liini- 
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§ 13. Lowest limit of evaporation pressure. - However this 
may ho. when the level of the evnpoi-.'rtiiig heliiiiii had fallen 
to the hottoni of Ihe narrowest part of the evaporation flask and 
to about half the heijjht in the small sflass, it a))peared*1 hnl the 
lowest vapour pressure was reaehed that eonhl he obtained 
with (his apparatu.s. XegleetiiiK the small eorreotions mentioned 
above, the pressure at the surfaee w;is 0.01’J to (1,01-1 mm., mean 

f 

0,01o mm. In the eap there was a vaeuum of in tlu' mean O.OOu mm. 
Till’ ])ressure iliffereiiee due to tin- friction of (he ra)>ii|ly ese;i 
Iiiiin' vaitours of low di-nsitx was in tin- mean O.OOS mm. This 
value anrt'es sufficiently well with the result of a s|iecial deter¬ 
mination of the friciiiiiial pre,ssur<i exic-rienced h\ helium moving' 
thronnli the ap])aratus with the sanie \elocit\. In this control 
experiment the esaporation flask was sulislituted h_\ a tube 
thronjrh which helium. i-iM>l<-d to lii|uid h^dioaeii temperature and 
of the same delisilv as in tlu- ai-tual expeiimeiit. flowed witif 
the .same telocity. This i-oiitrol e\|ierimeiil !;a\e ().tHl!i mm. ’file 
obseiwed frictional pressure also allied witli an estimate based 
on the probabh- distrilmtion of temiieratnie alom^t the eoiumn of 
aseettdinn helium. In roninl numbers and allow im; for tin- <-xis- 
tinti inieertainiies ^\e may say th:it (In- limit for tlx- e\ajioration 
presstire has liei-n l.r<ni;rli1 below '' mm. ami (bat we bate 
progtres.sed ten times as tar iis in the experiimnts of 1!)|() on 
which was based tlie esiimate of tlie teinix ral lire mentioned as 
the low i-sl one then reached. In lemperatnre difference as 
meti.snred liy Kki.m.x dejirees lids means, as we will see in § 14, 
otdy ;i ter.t' small ran}fe. 

Ueturuins>: to the i|ueslion of the .solidification of helium we 
crime to tlie followiii}; eonelusion: as tln-ie is jirorisioiially no 
dotdil lliai lu-liuiii Ims t. maximum density I'sei- i 12) and as 
it is e\eii not s-ilidified at a temjieralnre below tlie half of that 
of the iiiiixinilim density we eaiuiol escape the ipueslioil wlietJier 
lieliuill will Hot riiitil'il pil'lin/ix liijiiit/ t ri/l if it is innlnl Id the 
abs(jlul( are. 

? 1\, Determinations jf temperature. it still remtiins to 
coijstder the <|Uesli^n of what lemperaliire eorrispouds to the 
evaporation pressure .'nuiid. h'or the latter pres.sure an experi- 
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Tuonlally oslahlisliod viiliio can as wc have done he given, apart 
from a le.w |)rol)ahly *imall eorreelions wliieh demand further 
slaaly : llio same eamutt he .sjiid of tlie lemperaUn’e. In Ihe deter- 
niinartoft ol llie extremely low tenii)era1ures, at which even the 



J'V 


helium gas (Itermomeler can no longei' he usefully (‘inployed, we 
('liter a region the study of which has only eomiyhneed. 
Therefore uc fall hack on the law of eorsesiionding .slate^ of 
VAX m:i{ Waai.s to guide ns now in extrapolating the laiv eon- 




iioctiiip tcmpcrfilin'c aixl vapour pressure lo l()^^•el• lempcratures 
than those for whieh it has been estnhlished exporhncnlally. The 
latter lias been <loue for the raiiKe in whieli it lias l)ceii possible 
till now to iis<' the lieliuin gas tliennonieter. Tn Ihiff ease 
the eonstruction of the tliennonieter hail to be ailajited to tiio 
pressure, whieh introdneed eom]di<'a1ions. In fact the pressure, 
iiiu.st be very low if tlie .siiujde gas laws ^are to be appli- 
ealile ainl iwen if only liiiiiel'aetioii is to he prevented. AYlien 
the ])re.s,sure heeoiues small, the eorreelioii for the Iheriiial mole¬ 
cular ]iressure Ithe ]iressnre differemv lielweeii the lliertno- 
meter reservoir at low and the iminoiiieter space at ordimirj' 
t.cinperatiirel in this easi' also h*is to he aiiplied, liitt notwith- 
slauding thcsi* dilTienltirs we sueeei'did in measuring vajionr 
pre.ssnres of helitim down to K., in litll and Itlld with a 

theriiioinelor with a nieri-inw inicronmnoim ter and in I!I17 with two 
thermometers witli hot win nmnometers. Tlie results are tdotteiT 
in the aeeompanying fig. ft, in whieli tlie absei.ssae are the rr'cipi'O- 
eals of the reduced ti'iiiperainres and the r.i-dinates the logarithms 
of the rcdiiecd ]»res.siires. 'riu' poim is how to extrapolale the 
line whieh jiasses through tin- oii.seiwid points, l-'or this jmrjiose 
the vapour jiressure euiwes of ether, mereiiiw. argon, neon and 
hydrogen are shown on the same grajih ending in the trijile-poinl 
of I'aeii siihstanee. Tiial for iiiereiiiw has a still soniewhal lower 
rcdiieod temiierature than has been reaeheil with hi'lium. .Ml the 
curves agree in that the eiirvature is only very small, the greatest 
eurvaturr witli helium oeetirs at the higlier tem|»erntiires. They 
deviate, from each otlur in liiat the slope differs for the various 
sub.slanccs. In tlie a]>|di<-i^tioii of the law of eorrespoiidiiig states 
tn normal substances aeeouut lias to be taken id' such .systi-iiiatie 
cliangc.s of tlic jiaraiiiotei's of tlic laws for liipiids: for .snb.staiiees 
w itli low erilical iiniiit the slope of the line in the diagi'iim decreases 
as the critical temperature (h-eroases. In eimsideijiition of this it 
will be .seen from the figure that helium satisfies this Jaw in its 
gener^lisotl form; in particular tlie slope is eomjiatihJe w ilh Uiat of 
ylr, Xr, and I[, the small eurvaturc at higher reduced teiniiera- 
tnvc.s iilso fiiUing into line. .\ii e,.\t rapohilioii that, can be accepted 
as •a iiroba^ile oue,*is that wliieb is obtained by a.ssuiiiirig the 
1aii<Tviii 1i) till' l•xl>l•l•}||lrl|^;ll riirrr at llio point whore flii.s PiirjT 
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ciidM, as its coiit.iiiuutiuii. This Ims hcen drawn in llip fijfure. It 
gives for the temiierature earrc.sj»onding 1o tlio limit of the eva¬ 
poration pressure l oached in 1910 the value l^.lf) K. and for that 
deall'wlth liere, wliieli is the lowest teinperaUii'c yet attained, 
0°,82 K. 

Taking into aeeounl the uneertainty of the extrajwlatioii it 
will be liettej' to say that ihe Jfnvtxl li'mpcrtilwc i/ci atiained is 
some Intiidriillhs of a dcjjrce hi loir 0.^9 K. 

§ In. Conclusion. --- Tin* (luestion init above, whether we 
could descend below 1^ K., is answi'rcd ]>osilively by this re.sult. 
Ill round nnniliers we have progressed of a degree and one 
may sai’ lliai if we could liave gone fnrllier only of a degree, 
we should liave arrived at the limit obtainable in the ordinary 
way with helium. A belter klea than given by these small 
•imndiers is obtained ]ierha|)s. when we e.s]iress the lowering 
of temperature l»y the rati<i in which we have deerca.sed the 
absolute temperatnre. AVhib' the jiassing from ordinary teiiijia- 
ratnre 'o that of liclinm cva])oraling at 0.2 m.m. means a 
lowering in the ratio ‘iriti to 1 and from the melting point of 
hydrogen to the hernnn 1 l■mpcrature mentioned, one of 13 to 1, 
tin- iireseiit loueritig is only one of 1,-1 to 1 and a further 
reduction of 1,2 to 1 would be nearly the limit of what could 
be done, wi'li liipiid helium. If it is considered that our know¬ 
ledge of atomic structure reiidi-rs im]>r>>babl(; thiit another 
substance could be discovered, or obtained in another way, 
more volatile than helium, then the limit indicated, from which 
w(! arc sejiaraled bv onlv such a small amount, would seem an 
absolute one set to US in the obttiining of yet lower tempera- 
tui’e.s. 

AYe cannot accept such ti lindl otherwise than as a provisional 
one. Tbert' tire even now d(>rinit(' problems which require 
to be treated in Ihe domain beyond the seeniiugly imjtcmetrable 
l)arri(!r. A simple extimplc* is tlie qtieslioii whether a metal sneh as 
gold ean be made stiia'r-eojtdtielive by cooling it more iTian we 
have Iieett iiltht to do. Tltis kind of problem reminds ns,*of the 
problem of the riqilefying of the pernuini>i|1 gase.s. They wdtli- 
stood tlie efforts of the gre.-it experiineiiler whose glorioits name is 
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<attuclu'(l lo your Socicly. Half a roiilnry lalor tlic li(|ucfaction 
of liyilrogeii, the iiiosi iiiroi-iTiblc gas w^th whioli Fakaday Imcl 
opcratod was tlio brilliimt aclncvciiu'iil of llic latest of liis 
sticeossors in offiec' at the Jtoyal Institution: Sir Diavah. 

■\Ve may feel sure that the difl'iexilty wliieli has now arisen in 
our way will be overeoiuo also ami that tin' fii'st thing noedeil 
is long and patient investigalhui of the jiro^ierties of nuilter 
at the lowest temperature we eaii reaeh. 



Apparatus and methods in the Leiden Cryog^enic 
Laboratory 


IJY 


Dr-iC. A. CROMMELIN. 


§ J. Introduction. 'I’lif folldw iiisr yrtirlf is iirraiifrt'd su 
tliaf ii firi\i-.s a cDiisistciit (If.sci-iptidn of tlic aiiparatus and 
iiii'lImd.s Used 111 til • l.cidi-i' ^■l•ylly:(■ld^• lalnii"t1ory; its pni'jiosi' 
is t(i iiiaUc it i-asy to find llic exact plaees in tlie nniuerous 
foninimiiialions in whieli llie diflVrent apjiliaticos arc treated. 
We Inn'e limited oiirsi'lves ti» a Keiieral outline: for tlu‘ tletails. 
tlie oriifinal l>aper.s, to «hieli tiu‘ refere.,ees refer, iiiu.st he 
consulted '!. 

'I'he pnr])ose id" the Leiden eryogfiniic laboratory is and has 
always bei n to bi' able to produce iinii tempi'rat uri* below zero 
de{;rees. in order lo hi' able to make aeenrate jihysicai ineasnre- 
iiiv.its at those temperainre.s. And the claim is, for accurate 
measurements at hsist, a constancy of (•'^.01 dnrin|r several 
hours. The best w ato fnlfill this claim is to make nsc' of 
Ihpiefied j*ases boiliiif*. well stirred, 'nndei- different pre.ssiires 
and keejiino the.se pressures exactly constant. In Lc'ideii oidy 
pro.ssnres of one atmosiihi'n- and lower ioften as low as a few 
111 .Ill . and in the ca.se id" helium a few tenths of a m.m.) ari' 
u.scd, a.s till' construction id' er\o.sliit.s for considerably higher 
jiressnres than one atmosphere is difficult and may even present 
diuiger. 'I'hi' region of temperatures covered by each sfibstnucc 

% 

') For a flosprijitioii in full drtail of noiiio apparntus, whicli Imvc not yc\ 
bcMMi pulili.slird hilliortc), tlir new liyOrDjfeu ami helium plants and 

tlip metlivl t'liloriile ainl etJivIene boiling' fJjwks, sec (^onini. "K'. 158, 
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is therefore the n*Kioii hetwei'n its hoilinp: point and its ti-iplo 
point. In llio following tal>)e is given a list of llio snhslance.s 
used in Ijciden, willi the best values of llieir boiling and triple 
points; 1 have also added tin* triple i)oint inT.ssures. the erilieal 
toinperatures ami the erilieal pi’essnres. I'\)r the better under¬ 
standing of the following jiages it will be useful to have all 
these data eolleeled in a table. 


SDBSTANCi;. 

* Uoiliiig 

1 

I IMMIlt. 

'rnph* 

tempera- 

Triple 1 
p*)int ‘ 
piesMU-' ; 

Cl itieal 
lempera- 

. i 

! (5itieal ; 

, }>ressure 

JiietLyl chloride 

o 

24.1 

tn re. 

- UKMl * 

in e.m > 

i- t4;u) 

nri.ns 

nitrous o.\ide.. . 
ethylene. 

— 89.8 

1o;!.72 

- piLM 

— Il'.’.t 

_ 

■ - ;5G.:»u 

-e 0.50 

71 

methane. 


- isd.i.-, 

7.0 

s-j.sr-> 

4ri.G<) 

oxygen. 

- 182.‘.>.') 

•Jts.l 

-t. o.-J 

- I|s.s2 

49.7 j:t 

i Jiitrogeii. 

— I95.7« 

- 'JWU.Si'i 


M7 IM 

:t:i.49ti 

'> neon.. 

_'4.'i.y2 

- 218.07 


- 22S.7I 


hydi-ogeii. 


- •2.'>9.11 

(7 

— 2;-ilt.‘.>l 

12,80 

helhim. 

t 

i 

- 2ii.8..s;t 

• ■ 

. ujH-rJ 


2.21) 

lu exaiinning this table 

. din* sees 

that llie 

i-aoii’es 

of fempe 

raturrs from 

— 24''’ down to 

218' 

from 

25:!' 1o 

— 259^ C. and 

finall.t from - 2(iti 

to 272 

(ari- 

adainable 


b\ baths of rnjuified gases: and that there are ga]is bet ween 
- and - 25;!- <and betnii-n 25!l'' and 2t)!l ' ('. In 

the fir.st ga]) tln ri- is still m-oii i from 24(i'’ to 24‘.l'‘ ('. i. but 
tills substanee eovers nnforiunatelv only a siiiaii range. At 
the end of tliis pi.pm- llie l•oostrue1ion of the er\ostats will 
be diseusscd; tlieir eonsti-iietion depends of eourse on whether 
tliere is a boiling liipiid available or not. 

Let us fir.sl consider the differeni nn'tbods iiseil in liijin lying 
the various gases, 

• 

§ 2. ,The regener.itive cycles for the cascade: methyl chloride, 
ethylene and oxygen M. The prineipU' of tie- !*i('n;T easead- 


j (Jamiji. X", s7. S<‘«- hImi c' oiiiiii. X‘. 11 ^ *1-- 7. 
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of cycles is so well kiioM ii, that it need not be explained here. 
The eonstiiictioii, however, oJ the Ijcideii regenerative cascade 
differs in niany I'cspects from the original arrangemont of 
I’lOTjfa'* as will be hiurned from the following description. 
Ihe first two steps hi tlie cascade of temxieratures are made 
by methyl chloride and ethylene. The methyl chloride, liquid at 
ordinary tompcratui'e under the modto’ate vai>our xiressure of 
about 4 atnu»s])hT;res (il pure, otherwisi! a little liighcrl is stored 
uji in a res(;rvoir. In .starting the cycle, a certahi quantity is 
allon'cd to flow into the so-<-alled boiling flask, made of german 
silver and construetW in such a way that it can resist the 
external jns-.ssurc ol the atnio.sphcrc and may thus be evacuated. 
The liquid fills only a .small part of this flask. The boiling 
flask ends at the toi) in a very wide eopjjei' tube (nearly all 
tin* lulling in the cryogenie laboratory is of copiiei'l, leading 
to a jiowerful. fast ninning vaeiium inmq) ( from tlio Burckhardt 
factory at Basvlsj with a displaeenicnt cajiaeity of ItliO .XJ'. an 
hour. 

The eonqn-ession out hit of this jninq) in eonueeted with the 
vaeiunn side of a vacuum and eoiux>re.ssion piimj) (of the original 
('i)Li..viK).\ t\])e used liy I’KTin' f?'oni the Seeietu geuevoise at 
fii'iiexa); tliesc two ]nmq)s are thus eonneefed in serio.s. 

The outlet of this eonmre.ssor is finally eonueeted to the 
above meniimied reservoir of tlie liquiil. When the cycle is 
working and both jninijis arc running at the projicr speed, the 
stale of Ihi'igs is as follows: the liquid in the boiling flask 
boils, under the uetion of Ihe vaciinm pump, at the greatly 
reiliiced pi'essiirc of 1 to l.o imii. at a Icmiicratiirc of abo\i1 
— .Su^^ to - itO-' C. l''rom the vacuum ]nmij) it goes to the 
compressor, wlnu’c it is coiiiprcsscsl at o to H atmospheres (dc- 
Xn-iiding on its purity, the temperature of tin- room, and that 
of tin cooling wati'r of the pumj)!, lupicfied and finally returned 
to the reservoir; then it goes again to the boiling flask etc. 
The rate at which the methyl ehloritlo is circulated is from 
18 to 20 Ah', gas (under normal eoiulitions) an hour. *^11 the 
valves being rcgidatcd ]mq)crly. a stationary state is established 
and we maintain, as long as we let the ^uinips run. a large 
bath at about 00’ This is the first cycle; ffn- wliieh, of 
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course, must al\V!i\s he clioscii a substiiiicc wliich is readily 
]i(|ue.fiod at ordinary teiiiperature. f 

We arc now al)li' to undrrtaki' llie second step in t.lie cascade, 

.\s sulistance I'or ttie second cycle etliylenc> (rcconimenllcfl )ty 

(‘.AiM.iri'KT, bccau.se of tin- larjre distance betweim boiliu}' point 

and triple point and the moderate vajiour pre.ssnri*) is used 

in licidc'ii. As to tlie construction of the c\clc. we mav 

« * * 

be brief, for it is ncarl\ the same as in the case of the first 
c\ ele. with two i'\ccpt lotus onl>. h'irst that tile ethvlene. not 
lieine; liipiefiable at the temperature of the room, i-annot lie 
stored up in a small reMiwoir las in tin- ease of the niethxl 
chloridet. 'rheri’fore a larae Aes.yl of (ilK) liters eapaeiti has 
been inserted in the e\ele. This eontaim-r ean hold a ereat part 
of the ethylene in ihe easeoiis slate. Seeondl\ theie has been 
inserted a eondeiisation spii-al oi eoiisiilerable leiiiilh and surface 
in the melh\l ehloridi- boiliin; flash in ordei' io lii|nefv tie ' 
ethylene. I•'nrther lln- e_\eie l•llnlains a I’.nrehhardt laeunm 
pump and a eompiessor eonm-eted in series. e\;ii'tl_\ as in the 
ease of the first i-\e|c. \\ lo-n now both pumps are riinnin.; 

at the proper speed, we |ia\> till- follow ill” slate of thin,ITS. tlie 
ethylene is eoinjiressed blit not liijiiefied' o,\ 1 hi- i-omprissor 
at a jiressnii- of lo li .ilmospben-s and flows at this pnssnre 
into tin- eondelisalion spiral. ’I’liis spir, ! l■^te|•s tin- methvl 
chiofidi- boidii”' flask at the toji and eoorees from it at the 
bottom, whiii' the meth.il ehloriile vajioiir 'lows of course in 
the opjiosile direction ’lints tin eibybne is first I'oi.'ed by the 
methyl ehboide \aponi. w hiet, ,s .ibont ;<• lean- tin- boilinj* 
fliisk, afterwards the eol<ler e.ipoiir in tin- middle of the 
flask ;uol only finall.x 1.;. th- lionid i,ie‘|;.\i ehloi'ide itself. 

The upper part of the boiliii”: .'i'lsk works as a regenerator 
of heat and Ihei'efori 'he i-i ele is i-ailen a n i/i HI I'lll I rt ii/i li . 
To assure thi' pr .pi r and ei-onomie worhiny of sueh a boiliiijj 
flit.sk with eondetisation spiral care is to be tji.ken tlmt the 
rate of flow of the ineth.il chloride vapour and the eth\letie. 
the ll•n)^th. the surface and the heat eomliietiv ity of the 
sjiii'iil'^aiid the hciit insnlatiiej- eapaeit.v of the walls of the 
fla.sjs must be siiidijtl.a': 1 . tin- l•thy|ene is IoIall\ eondeiised 
before reaehiim' its onlbn and 2'. tlie meth.il chloride vajionr is 
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!illowc<l to ,,stive oPr ill! its eold" (if 1 luay express iiiysell’ in 
tins Wily) to till' etliy4(‘iie. Tf in the eonstriielion of the tsoiliiisr 
I'liisk these eoiiditioiis nre (ulfilled, the ethylene is eoinjdetely 
lipiurriM iitid tile nndliyl ehloride vapour l(•av(>s the hoiling flask 
at aliout .tin* tiMiipei'ature of the rooiii, xo llml )ir> iximuil sit/n 
nf riiUI vitH he smi on the eopper tnhe whieli leails to the vaenuili 
pump. All external si<tiis of cold, .snow iind iee on tuhes or 
iifiparatus. are strietly forliidden in a i-ryostenie lahoratory; they 
always mean ..waste of eold”. i. e. waste of the thinst we wi.sh 
to sret liolil of and tlm\ are, as sueh. cwidenees that the workin" 
is not so eeonomii'iil as it ousrht to he. It ma\ perhaps he .stated 
here that in tin* Leiden lahwratorx external sistns of eold iire 
almost never seen. 

'I'he further workinst of the ethylene eyele max noxv he 
de.serihed in a few xxords. .\fler h.axini; heeii !i<|uefied. the ethx lene 
enters the etii.xleiie hoilinsr flask ill the hottom iind hoils there 
llii'ler a pressure id' iilioiit -I '‘.m. at ii temperature of ahoiit 
l.'iD'-'t'. under tile aetioii of the Viieiiuiii pump. 'File eimst ruetion 
iind (iis will he seen aflerxxards) also llu- xxorkinsr of this hoilin<r 
flask is so mueh the s.niie as that of the metliyl ehloride lioilins 
fla.sk. that it is not neei-.s.s;iry to dxxell any lontier upon it here. 
,\ftii' haxino piist tlie pump, the ethxlene is lisi to tll(> eonpires- 
.-or, eoMipres.se<l to to ti atmospheres, then iiipiefied ete. The 
fide of eireiilii'ion is here too ahout Ih to 2n Hh’. an hour. Uy 
ti, ■ e.xele xve maintiiin a hath at ahout l.'id (‘. 'Fhis tempera¬ 
ture is eonsideriihlx lieloxx the i-ritieiil point of oxx ffen : iind this 
fras eiiii noxx he reiidil_x Iiipiefied in the thini eyele. 'Fhe main 
appiiTiitiis ill this iw ele is the Mrotherhood eom))ressor ' )■ with 
a eapaeitx id' 20 M'f an liour. 'I'his piimii is Inhrieiited with a 
mixture of ”|yeerine and xx-aler: liihrieation xxith oil presents 
danger, for the mixture of oil vapour and ox.'trim is e.xplosive. 
It eompie.sses the oxyjren in three stt‘(is to iihont 20 atmospheres. 
The eompres.sed oxygen enters the eoiivlemsiitio.i .s])iriil, xvhieh is 
arranged in tile ethylene hoiliiiff flask very mueh in tjje .same 
way as the ethylene eondeii.salioii spiral in the methyl ehlondc 
boiliiift fla.sk. The oxytjeu is Iiipiefied and leaves the hoiliwp flask 


’) For an older l.vpe of lirollierliood e>uu]irO!>sor sop I'onini. X”. .'ll $ .'1. 



lit the bottom tliroiijrh a well iiisiilateil copper tolw, which IcimIh 
to the oxygen boiling i'lask. The oxygen’ boils there at atmos- 
lihcric pressure, at a tcmperatiire of —IRll® C. 

It is not necessary to lower the pressure in this ease, as* will 
he made clear afterwards. vacuum j)ump Ihu.s is not'necessary 
in Ibis cycle and tiie coiistruclion of llie lioilini? flask is eoiise- 
•pieutly much simpler than that of tlie elhylene and methyl 
chloride flasks. The oxigen evaiiorales in a rubber bnfi. troni 
which it is sucked by the llrolherhood imiii]). com])re.s.sed etc. 

4 ;3. The liquefaction of air ' i. nitrous oxide -), methane and 
nitrogen"'. General remarks. - The fourth operation is tlm 
liijuefaetiou of air. The air is first freed iroiii earhon dio.vidi' 
by letting it pa.ss through a solution of ean.stie siula. tlien eom- 
]iressed by a llrotberhiMid ])Uiiiii of e\aefl\ the same type as 
tbi oxygen pump to alxuit If* atmospliei'cs. ami linally litpielied 
in a eondensalion .spiral, which i.. contained in the oxv gen 
boiling fla.sk. It is eoliected in a huge I'vlindi'ieal \actnnn ves'sel. 
from whieh it is syphoned into the spheri<'al \aeunm vessels 
of d 1o' r> Ic, in which it is .storisl up. .\houl 14 1,. ol liquid 
air au liour ai'c prcjiared in liiis wa.' 

A few general l•elnal•ks. 

It is luirdly neee.s.sai.y to .sjsy that this rather eomplieafed 
jdant of :egeiU‘i’ative eyeles arranged in easeade has not been 
built to iiipief^' air. 1' luis !,eett Imilt \iork cinostats witii 

methyl ehloridi-, etbyh-ne. oxygon and some other gases tor phy¬ 
sical delorininalions at all the tempendiires irom —-24“ to 
— 217° ('. When the use of lacinim vc.s.sels became ea.sy am! 
reliable so that liipdid a.r was the approjiriate mean to store cold 
for liijuef'ing and oilier inirposes. tlm aiiparatns tor the liqne- 
faetion of air was added to the three existing eyeles and this 
could be done in a e.veeedingly sim)de wa\, as was .shown alHiee. 

-Mthough not less than 4 eomiire.s.sor.s ami 2 big vacuum 
])U!np6«erc running when air is li«iuefied, the whole in.stullution 

>> Comm. N". .-U Mil: .’.1. ^ I ami .V 
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works very ccoiioinifull.v, irqirtruiK only 2.‘1 H. P., that is 

1,64 n.P. per Tlio well known Linde and (’eaude instal- 

lutio/ls, nltlionpfh a jfood deal simpler in eonstruction, require 
about the* same aiiiouiit of jwwer. 

But let us rel.urji to our siibjeef. Besides the gases already 
nicutioncd some jotlier gases are soindimes litpiefiod, as will be 
seen on looking at llie table in the ini roduelion. The ii(|uefac1ion 
is readily effected by the cooling agfuits of the eyeles deseribed. 
generally in rather simple. api>aratiis which will not be des- 
eiibed here. 

Nitrous oxide is used only when letnjterafures from —90° 
to —102° (fbetweeii niefliyl ehloridt^ and <'1hylciie) are 
esnecially wanted; it is the li(|ni<l. which takes the ])laee of 
the solid carbon dioxide; for with a solifl it is difficult to get 
a good eonstaiK-y of 1eni|>eratnre. 

In the same wa\ inethani* fits exactly in the rather consider¬ 
able gap bt'twecn ethylene tijid oxygen, viz. from --161° to 
— 183° I'. In this region nn'thanc is regularly used. • 

Finally jiitrogen is ti.sed chiefly in magnetir exi)eriments, wdicrc 
magnetically indifferent liquid i.s required. 

It is still worth while tf> draw attention to the fact, that in 
the Leiden installation the main .substances have their own coin- 
preasor, condensation spiral, boiling fla.sk etc., which are never 
used Cor another snbslanee. First this is a .safety measure. 
Mixture.s of ,se\ei‘al of the substances used would be explosive, 
and, in using the pnnips for ilifferciit substances alternately, 
the formation of such dangerous mixtures eouhl hardly ever be 
avoided on account of the ,solnbilit.v of the substanc(‘s in the 
lubricating oil. The matter is .so evident, that it need not be 
explained more in detail. 

But e\'eu if no explosi\e mixtures would be formed, the use 
of one api)ara1us for only one .sul)stanec i.s absolutely necessary 
to keep the plant always in woikiiig oi'dei’. (tontinuall> evacu¬ 
ating the a})paratus, and especially the pump.s, would,be au 
enormous waste of work and time and tin' productive cTipacity 
of the laboratory would be considerablj' siAiIler than it is Jiow. 



< 4 Tlie hydrogen plant ’V . TIu' casnidi' uifllnxl of 1’utct, 
Uhicli . hi. so VM.II ii.liii'ti'd 1'> Ihc i)l>ysii.s of low t*'iuiM>ra1nres. 
(••liK Ow -IT' Tlu' Inwrsl ti.nii»'niliiiT wliich ,oim he 

ohi iii!. i with oxviicii. hoilinir viiKlcr a inossurt' of a IVw iiiilli- 
' , •. . 11 - (■ I,(It this ii.iiiri'i-atuiv is of no'avail for 

,j,,, j.iiu no tion of tin lo Nl !-av ' i/ !ivilroomi. lor tins uas has 
./^..ilii.al t...o|.. raIu.r of ••■l.oi.t -'40 (ttliVOso of noon will 

1,1 !i>cnssi'il la'i!" 

.\i,..Tli.-r noih.Hi. 'hot of tin- I.IM'l. pno-r^s, iiniKino- ilso of the 
•loi i.t-Ki.i.'ix ■■!i''''t- h.is to 1 h opi.liisi Ji- will not (Inoll hen. 
n\ion tin- \ioNNihiliii* s of oIIot ootl.oilN In loahioo' n^i o! iji<- 
rffoi-t 1' ha' to 111 - 1 ah'It into ;o•.•olll!1 lliat at 
ttriVuuii-y fcfiifiiTaliii'i'In I'li '-t uix. ' a 'iiuh, lo ii ilio loi li . 
ilrojri'li anil laliiuo. so that Iii'ilroooo aial fn’liiilit liavo to li(’ 
cooii'il Im'IoW 111'. iiiM-r'io" poini lufon ixpaiiirino 

I will ai\'f’ iit'w a short 'h'si.r'ption oi 'in' Iriiirouint iiistaliiilioii. 
as it now slaii'ls -r 

Tlir oascinis lixilrosicn is '.oinprcssoii ui, lo l.iti lo fitto atm. h\ 
a sol of four horizontal pomps ohtainoil from tin l‘iurckhariit 
factoi’y at llasols. Thoy run ipiilo slow !> inn r.. \ohilions |ii r 
ntinilto) ami oompross tin uas to li',- ii(|iiiri<l pnssuro in 
r> .stafios. Tho first pump '.omprossos 40 .\1 . of mis an hour from 
1 to 2 atm.; tho soi.onii piiinp works ii, 2 slips, thi- first ono 
fmiii 2 to (I. tho soooinl om- from ti to 2.1 atm. I'lio tliiril anil 
tho fourth |)ump a>'i- oonni-'-lo'i in parallol .lal oaoli oporatos on 
half of tho iias. Tho\ hoih work in 2 slops also, tho first stop 
ooin]iros.sin(! from 2o to .Tn. (ho soonnil oio Irom ."ill to 2.Tn atm., 
hut m'uorall,' ti final prossuro m I.Mi to 2nti titm. is tisoil. Ilotwooii 

tin* ilifforotil stop.s ;ho ov(lioooii is th.iroui;lil\ ... in spirals 

in ooolintr wator. 

Tho oomiirosso'l sjas nov\ oomos into tlio Jiiiuofiir. of whioli 
fiu. 1 yivos a sohomalioal roprosontalion. '1 ho oas oomos in at 
A whoro tho tuho is ilivhloil in 2 parallol liihos. One portion 

') t'^nai. N". ti'tf, iilio ol'i |ii:oiI I. N'. l.'iS illio now jiliinl ). 

Tlio firiailiiil lio'i, I'loi. "1 wliioti ;i ilosi iiiiinin oi t'ni! (li’tnll inuy lio 
f nil*] Oi ('naifii. X". t' 1^, A, y still |iA*sor\oil to In* nsoih if ii(*ro.s,snr\, 

ii.s a 1 s. r'.'O iippiit'ani . 
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of tlu! f?us Kocs througli the spiral H (spiral wound tubes are re¬ 
presented by zigzag Jines), the other one through B'; these 
spirals arc united again at G. TJic Jiydrogen continues its course 
thropgJi tJic s])ii-als D, K and F and filially expands to attnos- 
plieric jiressuro lliniugli the cxiiansion valve K (handle K'). It 
is jiartly liquelied, (he liquid is colh-cled in the vacuum glass (} 
and is syiihoiied througli (he valves .S' and .S" into the vacuum 
hiillis // and In IJiese Imllis the hy<lrogen is Iransported to 
file ditlereiil rooiiis of tlie lal>ora1«)T‘y. 

As one easily sees, (he eonsiruelion oi' the a[)])aratiis is such as 
to cool the eomjire.ssi^l liydrogen flowing in (he direelion of the 
expansion valve as el'l'ieienlh as j.ossihle 1)\- (he cold vapour, 
flowing in (he (ijiposite direct ion, aeconling to the i'egencralion 
prineij)]e. 

I his principle is, as \u' s:uv, also applied in (he construction of 
till* boiling llasks in the cycles. Moretiver. cooling by means of 
liipiid ail' is alisolntelx nc. ,'s.sar\ in the case- of h.i tlrogcn to 
bring it to tin- (eiiijierature where the -locnn-K Ki.VLN effect gives 
cooling. 

Liquid air is n.sed as a refrigerating agent : it is jioured tlii'ough 
the \al\e L into the vacuum glass A’ and it evaporates there under 
a ] cessiire of about '1 ni.in. aiaintaiiusl b.\ thi' action of a jiower- 
ful vacuum pump ldisplacement capacity t.tiO A1‘. an hour). In 
this wa\ ilie liqiieiier is staricil. h'rom tin moment that the 
■irst small qiiaidi1\ of in|uid is collected in (1 — about half 
nil lunir after the beginning of the exjiansion - (he cold vajiour 
of the licpiid hydrogen does its work in the process of I'cge- 
neralioii. .Viid when finally a stalionar\ state is reached, the 
regc'iieiation acts so well that no external signs of cold are seeti. 
'file ligiire shows eicarix enough that thi' hydrogen is cooled 
in K liy the liquid air itself, in 1) and li hy the vapour of 
the air, in IC, (’ tiiid F li.t the vaiiour of the hydrogen. Especi¬ 
ally interesting is ilie eapjieily of this rnpicficr to produce 
liquid: this is L! 1.. of liquid an hour in eonlinnoiis working, i. c. 
for as many conseentixe hours jis is wunicd. 

§ fi. The purification of the hydrogen. — Tt is hardly’possible 
U) operate a hydrogen liqiiefier with eomiiiereial'liydrogou on 
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iipcouiit of tJio iin[)uriti<*s conlaiiictl in tin.* latter. An those 
iiiipiicities very ofloii jftiioinit 1o 2 or 3 %, they hlook the narrow 
spirals aiul Iho ox]i{Uisioii valve some (iino after the startiuft of 
Iho .‘tji^ai'aliis. It is tlien iiiipo.ssible to worh r\en for a coii])!'’ 
of hours.. Thoi'oiiylily purificil hyilrofreii is absohilely nooes- 
sary. '\\ luut no li((iiii| liyilro^cn is available, a sepai’ato?’M. in 
wliieh tile eoiii[)resse(l ^as is cooled (o tlie 1ein|)e7'a1 lire of lirjuid 
air. may lu* used. r.iit lids a|)paialiis does iiol deliver the 
liydroocii pule eiioiieli Id axoid bloekiiijj; for sohM nitrogen 
has e\en at 217'^ i loxi esl leinpei-alure of lifpiid oxyoen ) 
a still j’alher eoiisiderable vapour )>ressiire, fieiierally after the 
preparation of about I rilre-.»or lifpiid. the liipiefier has to be 
stopped ainl IieiUed before the work can be eoiitimied. Th(' 
i’\a])oratiiie, bydrooeii. w liieli is of eoiirs'- iierlVetiv pure, is 
then <‘ari-f|ill.\ eolb-eled. Xftc-r soim- ti'e" of xviirkino' in this 
w'a,v. a siiffieietit (|iiaiility of pure <>;is will be stored iiji to kee]) 
the apparatus riioiiiiio for a loimer lime and to be able to make 
use of an inipro\i d .separator -1 whieb is in eonstant use now. 
I'lie impii'ilies are removed in this aptiaraln.s by eoolin<jt the 
iraseotis bydroecn ibn n to the temperature 'f liipiid bydrof;en. 
The eonsiriielion of this separator is extreniel.v simple; a wide 
eojiper sjiir.il is mounted in a siherisl eyrniflrieal xaeiiiim vessel; 
lifpiid b.xfli Ofr -11 is sjira.veil by simill <piaiitities iniderneatb this 
sjiiral; it evaporates and cools the tube intf'i nally to about 

t.’.'nj" I'.. i1k' temperature of boiling li_\ drofren. at wliieh 
temjieratiire the vapour jiressure of uilrofreii and oxvften are 
eniirel.v nef;li<.'ible. The iraseoiis h.vdro<;en flows throufjh the 
vaeiiuin olass. at the outside of the cold sjdral; the impurities 
are deijosiled on lh(‘ sjural and the hydrofren leaves the 
separator entirely luire. if its speed is regulated proiierly. 
Onee liavint^ ffot a sloek id’ pure h,vdro<i;en. eom))re.ssi‘d in 
eylitiders, this stock must be considered ii.s a fir.st eoiulition 
of workingr. 

This separator is a small and hainl.v ajiiiaralus, and delivers 
.5 M'‘. of perfeetl.v ])ure hydrofren an Imiir. .\s soon a.s workin.t? 

>) ftoimvi. N". air'. XI. 
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with this sc'panitor \»iis stiirlo<l, lh«‘ diffifiiHii's with llm inipu- 
I'itics of llio eonuuoi'f'ial lixdroKcu wcro <5iiito overcome. 

^ (i. Safety devices. - [n eh'scrilnuij the liydrojteti plant 1 
lia\i‘ been rather sehi'iiiatieal and I have net dwi'lt iii>oi\ many 
det.nils and auxiliii'w .'ipp.-iralns .•dlhoiie'h 1hey are iniife in- 
tereslin”; from a teehnieal point of view. They may he found 
it! the original memoir'-- I’.nt I ha\e to insi'^l-on the en"c' that 
is bestowei! on assoriiur safel\ in tin- erxooenie laboratory. 
Hydrogen being eondnistible thei-e is (•''p'-eially danger of 
exjdosion by mixiinr witb air, I'.m-'-x po-.^ibilily of eleetrie 
sparks, so easily obtained b_\ the rfietion of --olid paitielc,'. in the 
cold gas. must be axoided with lh<- ntmo't care. The s:iine 
a])plies to methyl ehlorido an-l i-tlix lone. Ifth;, hue li.'is tin' ad 
x'antage oxer 'ixdrotreii tlno one i-an -.ntell it. but it has about 
the .same clensitx as air so that it ilm-s not rise imiin'diatelx 
to the ceiling like hxdromn. Wo had h-arned I'rom oii’- o\[iorienoe 
xxith methyl eldoridt and ellixlei.t, \x itioh sub'.; am-es al'o tisi d 
in large (|uantilies and at ratln r liieli ]irossnri-.s to work 

xvith hxdrogen. In laot. iirotection i- nov, stiong tradition 
xvhieh luis esttiblishi d dself bx lone jn-n-iiio in the labortilorx . 
so strong, timi tbe soienlifio and tin- tool'll,ii-;d p'-rsoniiol tako it 
iis a niattor of oonrse that in oxoex oxpooinioiii safotx is givon 
tlie first ooiisidoration. Woik li.-is oi'ton boon xoin sorionsix 
liandioiippt-d for tins i-oiison Init oxerx saorifioo bas to be imide 
in this direetion xxithoni sparing in <he least film or iroiilile. 
Itiiring some yejirs’ xxioking xxitn large (jiiaiiiities of com- 
bnstihle gtises ji serious aoeiileni has noxer luippelied in Ijeiiieii 
ami no Insltinder has o'or boon burl. 

5 7. The helium plant'-. Tin- litpiofior noxv in n.so 
has inanx adx,‘inlagos aboxo tin- original one. xxhieli is ke])t 
to lie useil ;is r(•s(•rxe. It is tniilt aeeordiiig to exaetlx the 
.sjiiue I riiieiples ;is tl,e li.xiirogi-n liiiiiefier; i. e. preliminary 
cooling liore xxilh liiini.i hxdiogeni leloxx the inversion point 


'• ('miim. N". i'ts |.l:o , . y. I.'.s (tlio m-w glnatl. 



;)f the Jor7i,K-Ki;r,viN efl'ccl, cxpansio?) tlirnuKli an oxininsioii 
valve; and in the stal.i<fiiary stale eoolinfi l).v heliuni vapour ae- 
•ovdiiiff to the refreiieralive j)rineii>le. 

We*reT>roduoo a sehi'iiintieal drawiiiK of ihi.s liciuefier (fip:. 2’). 

The sasaoiis helium eoinpressed at alsjut .‘50 atmospheres enters 
[i1 and is divided in 2 sjtirals Ji and It'. These spii’als are 
united al'lerwards and tlien divided :i;iain in C and (": It and (! 
are eiHded li.v eold hxdrn^jen vai>nnr. Jt' ami V' hy eold heliuni 
va| our. Now llmse spirals arc' I'inalix nniled in the' spiral T), 
I'oolecl in the coldest ^icclmp'n vajamr and in K ctxiled in the 
licpiicl liydi'oiien itself. /•’, the last regeneration spiral ends in 
jhe exp;ln'^ion xalx'i' l\. Here •the lielinm is li(|uefied and runs 
ihroiieh a \aiuuin tiilie inlo the er\os|at, wliieh is dirc'ctly eon- 
iieeted to the liciuefn'r. We shall deseril'i- this ei'yostat after¬ 
wards. 

As to tile sIcK i-; id’ heliuni, the fii'st ipiaidilies wc're prepared 
from iiiona/ile sand. In later years I’rof. reeeivi'd on 

several oeeasioiis |)resents of iieliui" or of !>ases \\ liieh contained 
more or less eonsidc'rable cpiantitii's of helium, e.from 
Mr. (iFonuKs <'l,.\tni; .d l!onloi;ne.sur-Seine c.'id from the Wels- 
haeh Liehl Companx a! (tloneestei Y. Hut dtiriiifr the xviir 
there x\as no longer an\ ehaiu-e oi siieh i»resi'nts and at last 
the' cpianlilx availalile xxas hardly 'UIO litres so that the situation 
iieiran to heeoi.:e eritieal and a nexx pri'jiavation xvas considered, 
if iiioiiii/ite sand could he ohiained. l''ortnnalely this trouble 
xxas simred. Tlie An eriean Navy in IttlH made I’rcd'. (>N‘XKS a 
])resenl of not b'Ss than t!0 .M ' of helium jireitared in Tc'.sas 
durine the xvar for the fillinfr of airships. .\nd Prof. Mo Hknn.xx 
of Toj'onlo hiniseir brouf'ht to Leiden in Seplendit'r 1921 a 1)i{j 
exlinder, eontainintr about ti -M'. of helium, xvhieh had been 
lirepjtred by him in Canada for the same puriiose. The stoek 
of heliuni is ncm .so ph'iiliful. that it will certainly last for a 
>rreat luinibei- of yea I S. 

.\t the end of this sketch <d’ the Leidc'n heliuni in.stqllation. 
1 will once more emphasize the fact that the jdant is built as 
a eireulation ap])aralus more or less in the style of a uvele of 
the Pkti'kt cascade. The ttas circuUitx's ni»ny time's before* the 
appeiarance' of the first elri)i» of lie|uid. If Hie sjas could not be 
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coiuprcssm] uf-aiii iil'toi- the rii-st oxi)aiision and so forth (Init 
had to !.)(■ stored up e.,}r. jn „ ffasoiuelerj then a (piaiitity of 
heliiiiii, twenty times as lai-{je as wo now Jiave, wouJd be iiec.es- 
stu'y, JiiKt to start the iifiiiefier. This example makes it parti¬ 
cularly e|(‘ar lliat eir<‘ulatioii is eiilirelv iiidisj>eiisablo iu this 
kind of ci-yoKeiiic work. 

^ 8. Liquid neon M. ISy means of the cycles of methyl 
chloride, nitrons oxide, ethylene, methane, oxyf'cii and hydrogen, 
tlie lahoratorv Ims a^ailahle lialhs of liipiids from --24°. 
down to - 2o!t' ('.. with the i'\ee)»1ioii of the region hetweeii 

21 lo.xigen, boiling inidi’r a pressure of a few niilli 
tnetresj and ^n:!" ('. ih.Mlrogmi boiling nndi>r atniosplierie 
pressurei and tins region was fora long lime uiianaiiiahle for 
aeeiirate iiieaMiremeiits. ’I’ln possiliiliti of a hath of hydrogen 
lioiling under tlm |iressnre of a lew atmo.sjihi'res lia.s been 
eoiisidercil. hut the erwostal ha.'- not hei-n constnieled. ^\'itll 
a hath ol liipiid neon i boiling point - 24."i''.!)2 ('., trijile jioini 

248°.(>7 I a simdi range of teinperalure eouhl ho covered. 
TJie eonst inet ion of siu h a hath has indeed I.’en aeeomplished. 

<’ompre.ssor, liqnefier etc. were not neeessaiw. foj- neon is solid 
ill 200 ' iiiid ihi'ce wiis Mifliidenl liqiiiil hiiirogelt axinlalile 
to obtain the desiicil ri'snlt with a very eompael and sini])le 
apjiaratus. 'I'ld,' app;ir.itn.s i.s ver\ imieh like tlie .seoiirator for 
Die jiurilieation of tlie hvtirogen. It consists of a long wide 
(•op]ier sjiii'iil in ;i e\ liiulrieid viii-nnni vessel, l/npiul livdrogeii 
is spriiyed ninlerneiit h this .spiial. il evaporate.s and cools the 
.s])iriil iotcriiidlv, if necessary down to 2o,‘!° 1‘. Tlie neon 
flows through th(‘ viieiinin glass :il the onl.side of the spiral 
and condenses on it in solid or liipiid slide. .\t 2.')3'’ neon 

i.s solid. InU hy proiier regulation of the (|iiantity of hyilrogen. 
Iltc sjiirid is lirought to a somewlmt higher femiieriil nre. .so tliat 
the neojt becomes liquid ami drops off from ihe spiral. It finds 
its way through a vaennin tnhe id the bottom of tlie vqenuiu 
glii.ss to the ervostiil. ii second viiciium ghiss immediidelv eon- 
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iiCfU'd «itli llic' I'uiucrioi-. Ill this way a bath <il' liquid neon 
was realised hi a veiy simiile wa.e. , 

A small range (ii‘ lemiieratures eoiild b<' covered by this lialh 
aiul in 1915 it lias actually been used fur the detcrmiifalioii of 
some jihysical constants of liquid neon. It has some advantages 
above a bath of liqiiiil or gascoits hidrogcn esjiceially in 
researches in which electrie sjiarks occur; but the main dis¬ 
advantage was the smallness uf its range of temi>erattires. 
Therefore other methods were inlrodiieed. wliieh could bring 
the whole range from 217' to 2.'):! (within tlu* I'each 

of accurate mea.snr<‘nieiits. These metTiods will be diseiisseil 
later on ‘j. 

§ 9, The purification of the neon. Worhiug with a Isiil' 
of liquid neon is onli jio,ssible if a rather eonsiderahle (luantiti 
of neon JS aiailahle. 1 ii.e-i'iloie-it alnad\ tile lireselit Of 
JiJj. (jKOhous \iz. a largi qii.-uitit_\ of gas, |•on!ail^nlg the 

most volatile ilistillatioi (.lodiut'. of liquid air. This gas eon- 
taiiieil. hesiiles lieliiim. abinii dli'r lO iieioi. lii this wa\ llie 
lalioratory eam** in jmssi ssito, ot a o w iiii'nl' <-d lilt'*-s ul lu on. 
Tor a first pniiti aiinn. 'le- gas v a.s .voidified hy means o! 
liquid hydrogen aiid the helium and hidrugeli were jitimjied 
off; tlien the i.enii was iieaied iqi slou I-, and lie- eiatioralim* 
gas eliieily eonsisting ot neon uas stored iqi si |)ai':ilel\ ; the 
less vohi ill ii,n>iirilies owgi n and nitrogen inen n niuined 
solid in tile Inin. 'I'iiis o|iiration was nqnated .seieral limes. 
Finally it was jiassed o-.i-i- eliareni.! in liquid air aeeordiitg to the 
well-known meihoo of I’miessor l)i'.w.\i;. .\ecurale tMeasiiremcnl.s 
showed dilerwards ilmi this luirified luon was not so pure 
us we litongol. Tiieiifori- a more refined .mil aeeiirale method 
of purification was dosigoed Jiiid aiqdied lii tim author, with 
a view to (leierminaMou of the ‘•. iiieal point,aiioiir pre.s.sures 
ainl the rcetiliinar diamoier of (■.Mi.'.nrin' and .M.vriii.t.s .First 
file method deseiilied uliove wtis iipjilied, lull now in an aiipa- 
raUis entirely made of glass, wirhoitl any rnliher tubing; only 
tie; hiiddle fnietion was used. Finally the neon was allowed 

$ 11 of llih. article. 
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In fldw very slowly throiisli a wide rIuss spiral iiiniiorscd in 
li<(ni(l liydrojfcii; tlio ifcoii liad to ho kepi holow its va)>oiir 
prossiirc^at - -('. (ahoiil i2 in.lit. ) in order to avoid solidi- 
fioatioli. 'I'rafcs of loss vointilo iiiipuritios woro, deposited 
nf^aiiist the walls of 1lio spiral. Finally it was fraotionnfod 
01100 nioro. In this way a \ory jniro prodnot is ohiainod. 

10. The cryostats for liquids. iritliorlo. wo have only 
spokon of tin' a|)i)ara1ns for tlio licpiofaolion and tin- purifioa- 
tiini of llio difforiMit ijasis To niako aoouralo pliysioal dolor- 
niinations liowovor, no nood s|>ooial a}>para1ns in wliioli wo may 
keep tlio tomporaliiro of tlio*ii(piid oonslant and ovorywhoro 
tlio sanio, and n hioli nia\ oonlain tlio snl)stan<-os of wliioli wo 
want to study tlio pro|H-rtios at Ion loniporatnros. Tlii'so ap- 
^laratiis, tlio so-oalloil or\ns1a1s. aro at tlio jirosont moiiiont 
for us oven moro intoro.sti';>r ]M-rliaps than tlio liiinofyilia: 
apjiaratiis. |■'ol•lllorly tho slato of lliinafs was difforont ; thoii. 
the main proldi'iti was tin- rnpiofaotion it.solf and oollooting; a 
fon ouhii' oonlimotors cd‘ liipiid oxyiron or hydrofoil was a 
siioooss ill itsolf. Now tlio laolhods of liipiofi ■.lip: ovoii tlio most 
difl'i.nll iKpioliahlo iiasos aro woll dovolopod and our altontioii 
is moro fixoil on tlio po.ssihililios id' di'tormiiiiiifr aooiiratoly 
pliysioal ooi,slants at Ion lomporat nros Tlio oonst motion of 
oi'oslats with a ooiistaiioy of (1.1)1 of a dopn.,. roprosoiils at 
llio jirosont nioniont a most intorostini; prohlom. 

In Ijoidon many modots havo liooii in iiso in tho past years. I’.iit 
as no aro not .!rivin;; a historio.’il skoloh id the dovolopiiioiit ol 
the lahoratorv hut oiil\ a (rathor short) aooonnt of its jirosoiit 
state, wo ooiifiiio oursolvos to the dos<-ri]ition id' tho larffosl iiiodol 
for universal use with all lirpiid pra.sos (oxoo]it noon and holiiiin'), 
whioli is oiiiployod now ’). I'’ifr. :i. in wliioli two oiits of tho app;' 
ratus aro sivon, may ho nndorstiKMl without a loiifr (>xplanatioii. 
,\ few remarks will do. The larsro vaommi vomsoI 1’ fintci'iial dia- 
molor 12 c.m.) ooiitaiiis a irorman silver oylindpr, in whk-h the 


*) Wo will ihH dwrll lieiF uiioji (hi* I'oiitilnii’tiim ♦f for sp^rinl 

piirpnKrs. 
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li((uiil (av(>raKi' 'i'i; lilivst is poured. Tlie t'las.s is covered by a 
cap in which arc openings for Ihc apparatus, for the inlet of 
the li<iuid and for the outlet of the vapour (the latter leading 



to a Rasoiiietcr 'ir in n \ar'iniii 'riic Aaemini vfs.>;el I’ is 

eiifeloped liy liq'dfl .nr in onii-r In diininisli the. riilc of eva¬ 
poration of tin- eiinstal li(|iiitt and to iiniu'civc eonslHUcy of the 
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temijcratTirc. (loiicrully, in Ihc smaller t.vj)es of eryostats ■*) 
(Avhich ai’c built in oxaetly the same way as this largest one) the 
air is contained in a seciond, larger vacuum vessel. Hut as 12 e.m. 
is ahoxft Ihc. limit foi' (ndindrical vacuum vessels (at least when 
they arc nrede of ordinary „T]iuringer” glass) tlie liquid air 
enveloping this cryostat is contained in a german silver cylinder, 
in.snlated hy means of thick walks, filh-d nji with cotton wool. 
'Pile figure .shows further las an exainjde of apparatus! the two 
reservoirs Th of a (lifferential gas thermometer, two rcsi.stanee 
thennoinelers ll' and stirrers R (see also the horizontal cut). 
The.sc .s-tirrei’s woi'k with valves ami literally pump the liquid 
round. The sensitive oil manometer, hy which very .slight irreg¬ 
ularities in the pressure are immediately seen, is not 7'C])resen- 
ted in the drawing. 

'I’he helium-) and neon cryostats •‘‘I are in ))rinei])le, very 
much the same as the eiyostal now <leserihed only their ari-ange- 
nient is different. Host of the liquids in use are ..transjiortahlc”, 
that is to sa\, the\ are traii.sjiorted iji vacuum hulhs from the 
liipiet’aetion plants to the rooms where tlie eryostats arc installed. 
AVith helium and neon this trans[iortation is x.ot, or at lea.st not 
\'ef. ])os.si])le on account of the costliness of the suhstanecs (little 
lossi-s in transporting cannot he avoided) and. as to helium, 
on account of the volatilit.v of the liipiid helium. Therefoi'e the 
helium and neon cryostats are connected inumslintely to their 
liquefiei’s in such a wax that the liquid flows from the liquefier 
dii-ectly through a vacuum Inhe into the- erxostat. 

5 11. The hydrogen vapour cryostat*). We have seen 
in the introduction, that thi're are txvo gaps in the range of 
ti'm|icratures which i-an not he attained hy means of a boiling 
liipiid viz. from —217° to —253° ('. (exeept for a .small pari 
hy liipiid neon. tJiis 1ms been (li.sen.s.sed already in § 8) and 
from —259° to -■ 209° (*. To attain the lenqxeratures of the 

') Comm. N". S.’!, lit iniil 1) , t'lc, I'-W, t't/, XII. 

p (‘oniiii. N". tin, I:).■!. 

M Conini. iN". ti7c. 

*) Comm. I«". lo'lc. 
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fit's) snip. :i ItMlfoticii viip<mr (•fynstiil is now in use in Ijoidcn. 
(tf this iiisti'inmnit. IV- -1 trivos ji cnV in full ilcliiil. It is a 
I'iititcf (‘Oinplic'iiti'd appai'iitiis Ini) it fiivcs thn I'tMiuii't'd constancy 
of lcin|ici'atni'c (O'.OH very well diifinf; scvccal hotii's: only 
the iinifot'inity of tcinpcratiii'c in the cxpcfinicntpi!' clutnihcc 
is not yet exactly nlitit it ouirli) to he. The pi'inciple is. tliat tin' 
e,N]ieT'inientinir clianilier K is kept at consttint tcinpecatni'c In a 
cni'cent of <‘ol<l hydco;.:cn \a|;nn'. Itcfoce enleciny^ the l■halahct■. 
the liydt'oiren is lieated np to the |■l■<^Ilin■d 1cin)ici';ilttfe In tin 
electi'ic heatinir wire in wliii-h tin- ••ni’i'cn! is icifnlalcd h\ :i \cr\ 
delictile antoinalic arranircnicnt. 

The \aciniin m-ss,-! 1' is half .'illcil with liipiid li\drouiii. the 
vessel li l■ontains the cxpcriim-ntal i-lianiln i- I’.oth vessels are 
eonncctcii In the \acinini tnhes h and l<,,. anil ari- en\elo]ieii 
hy the hi u‘ trlasses />. anil 1 .. which I'ontains litpiid air. 4 he 
, 2 i|seous h\dro”eii enters at h . at a frisstii'e a little liiLdief ihati 
al.'iosphel ie, is eolldnetid 111 lhi hntti)!ll /> 111 ' the lessel I' 

at'd rises from there in hnhhhs io tin smi'a.-i of the inpiid 
li^drooen. Ill this wa\ we <_>e! a ratlcr efn-eiiM and adjust,ahle 
evaporation of ti.i- ln|niil 'axeraui- sp litres an hour . I'lie e\a 
por.'dino hidroeeti ''oilows the .irrov.s in tin finiiie .ind arriies 
at Iasi a) h- iil :i li mpei at in i onl\ s!ie||i|i ahine ‘J.Tl ( 
in the In iliim' ehaailiers. 'I here, it is luated to the reiptired 
tempi r;d ui'e and enli rs nnioeihateli the espi riim ntal ehaniher 
The heiP ij elitiiiihi fs cotiiain. hescles the healiliu coils U',, the 
lielilili. t h""o;o|)e tel If . ••oiine> 'eil In' I he steel ejipillari (' to the 
niereiir,'. maiiomefi-i. wlin-l. rce,tlaies til hiaiine ciirrenl auto 
till'd icjilli In till- contaei ;il .\ |: the Indrooeii is sliirlitly to 

'\arin. th. n the enri'ent ,s hrol'.eii and the lieaiintr slops; if it is 
'DO cold then 'he iiieieiirv risi s .md 'he current is switched in. 

I suppose tii,.t iliis short acconiil will ipve a sufficient idea of 
the workiim of this .'ipptirtdits. 

Such a kii.d of cr'ositit is not \ei I'lvailahic for the second 
(ii'ip. ji'om ■j.T/.y- to 'Jliii- ( 

I’loa. ti tlicorcitea! poii | of ',ii w. the lemperidtires in ipicstion 
nijiy ,he reached, ei'lier in a hcliiim \apour cr'ostid of the 
.s.'ifcie inodcl as tin* I ' dciiecn \aponi eiooslid. or those iiclow 
tin. el'ificjd ii laperaiiifi o) iietiuni ' in u criosltil with hcliuili 















22 


1 !«! 

boiling under incroaseil pressure. Koth consi ruetioiw have been 
considered but not yet carried out at the ))i'eseut date. A lielinin 
vapour orjastat of a construction different from that of the 
liydrogen vapour cryostat lias beeJi used recently for deter¬ 
minations coueeruing suiu'acoiuluctors. A description will he 
jiulilislied before loiigM. 

') ronini. X*’. liW)//. 



KTHVL Cm.OKJDK 

]Jv I’KIII-KSSOK C. K Ir.Nki.N, (Mi.i:., M.A. 


Ethyl chloritli,; is a coliiurk-ss lk[uul a lillU- ligliliT than watrr; as ils 
hoiliiij; poitil at atniosplHTii jprcssun* is r 2 - 5 " C. it tn;u hi' handk-d in opt-i) 
”L‘ssels without ntui-h loss and may hi- stonsl in glass IjuttU-s r>r cylindirs of 
^ quitf modi-rati.- stn-ngth. 

It is an ana.>sthi-ti<-. hut must be inliak-d in i-oiisidi rahlc stri-nglh hi’forc 
it has apjiri-i-iahk- etfer t. 

It Is very inflammtihk- atid considorabk- oarc must he uxi rcised to avoid 
fires. 

• It is a very convcniL-nt inatL-rial for refrigi-ration ; the following data 
inilic.iti- its properties as a refrigerant;— 


Latent heal at o' C. --- eal. per gram, or (" Ih. ja-r Ih. 
•Speeitie heat of liipiid = ••?48 at — 30 " (,!. to -413 at -(- 40 " (1. 
.. gas — -22 to - 28 . 


50 IS 1-131; 


SiK-eifie volume of liouiil ! 

' f at -t- js 

.. gas (saturated) < gram. 

' \ at ■ 20 is 1305 „ 


I he eritieil point is ipo'’ ('. and 54 atino.sphi-ri-.s. 
i ’’.ipour pri-ssure eurve is shown in the ai-<-omp.ii'.i ing figure. 

It does not alLiel; metals, hut for some reason not let fully evpliined, 
the liquid does (-ontaminate niercury. .so'that mcreurv nunometers (-an only- 
lie used for jiressures less than the vapmn pre.ssure eonesponding to the room 
limperalure—/.c. roughly for pressure* less than atmospheric. 

It atlat'ivs india-ruhher, hut vulctinised rubber tubing and corks can be 
used, though thi-y li-ak a little. 1 hey swell considerahlv. but return to 
thi-ir original si/e uhi-n the ethyl chloride dries off. I’uVi rubber tape is 
softened almost to solution. Vulcanite .swi-IIs moderately. It cati.ses mo.st 
woods to swell, hut lignum viui: can be used for valve.s, etc., when a non¬ 
conductor ot heat is rispiired. Hake-lite is also useful ,as a non-conductor; 
it only swells very slightly. ' ’ 

Liquid ethyl ehloridt- dissolves a .small quantity of water, but latn be 
dried by passing it through eak-ium chloride drying tubes. IVith ^vtiter it 
forms very remarkable ice crystal.,; if a shallow'glass of ethyl chloj-ide is 
e.xposed to the air, it dries up and rapidly falls in Uanperalure and iei- Bryslals 
form round the edge, eoiulensed from the atmospfjfrie moisture. T^ese 
cryshils aiqxair to he tubular and grow rapidly, the ethyl chMride .soaking 
up insicle them .is in a sponee, .Similar crystals form at tlie throttle valve 
in a refrigerating maelnni: if there is any water dissolved in the ethyl chloride 
and quickly i-hoke the r-alve. It is imjKirtant, therefore, to keep the material 
dry in refrigerating plants. 
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ETHVr, CllI.ORIDK (C:.11,,CI) 


Ethyl chloridi- is a convenient cooling material for use in laboratories ; 
when sprayed, on to any object the temperature is ipiickly reduced to 
- 20 ” C. or lower. 

For mechanical refrigeration eth\ 1 chloride' is \ ery suitable. The vapour 
compression cycle is tlic one used. The pressures corresponding to the 
ranges of temperature commonly reipiiii'd ari; very low, for i'\''.u)ple for a 
range of ± 20 " Cl., the pressures are 19-4 and ,f 5 lb. i)er s(i. in. absolute ; 
the compressor therefore work-' with a moderate sac’uum on tin- suction side. 
The tyiie of compre-.-'Or generally u.sed is a rotary pump (of the Roots Itlowci 
type) Oil being soluble in ethyl chloride cannot tie used for lubrication.. 



*C 

I lO. J. 


so pure glycerin is t mployi-d ; tliis 'cpaiates out In gt i\ity without <!if)ieull\. 
The on^y serious ditlicult , in designing the jil.ii.t is to iii.ike eert.iin of avoid¬ 
ing leaks on the low pressu- ■ side : all air lo.rking in .iccumiil.ue- in the con- 
densel»and has to lx pnrgt from time to 'iine. To .ivoid air li-aks all valve 
.spindlSs, compre lor s.i.ilcs, 1 te., have to be si-aled with e!' cerin, so that any 
lealftigfc is ufj'lyu.rin r.ut aii. 

Owing to the low iwessur'-- the vohinu rit the pump and the rro.ss 
sections of tHe pipes arc » nornioii-ly largei than those in c arbonic acid 01 
ammonia plant.s. <)n the other li.incl the .strength rei|itired is very little, 
which makes the mac.hiiu ry very s.ifi-. 

Reciprocating pumps arc not suituhle for ronipre.s-.cns Ixaatuse the piston 
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CHLORIDE (CjHjCl) 

^rod, which is lubricated with g!)(!.rin, airries moisture into the pump every 
stroke. The writer has had great difficulties with his research plant from 
this cause. 

Ihc inflammal)ility of ethyl chlorideMs its most serious drawback. To 
get over this various “ iion-fl.am ethyl chlorides ” have been put on the 
market, ilhese are nii.xtures of ethyl chloride with large proportions of 
methyl bromide. The nii.sture is not only non-inflammable, but may be u.sed 
as a lire extinguish(;r. Its properties as a refrigerator are not very different 
from those of ethyl chloride, hut as it is he.'ivier than glycerin, .special 
'si-picators are necessary. 

lni[>ure i-tin l chloride is supplied for refrigeration ; it contains a small 
proportion ol mclhv! {-hloi ide whii h iii;iy lx; slightly advantageous, as it rai.ses 
the vapour priissurc. 

The writer is eariying out ,i complete investigation of the thermal 
properties ol ethvl chloride for the Kotxl Investigation Hoard (Department 
of .Scientilie and Industrial Kuseurch) and complete and l-tj> charts will 
^hortl) be published. * 


DISCUSSrO\ 0\ " I.AhORATORY METHODS OE 
I.IQCEEACTIOy." 

Professor C. F. Jenkin : May 1 ask Dr. (irommelin the number 
of beix hes that c.in he jceommodtiterl with apparatus of this sort. I 
think it would lx- very inteiestiiig to know Iu)w nia'y people can he 
doing work at these low Icmperatiires at the Le)den Laboratory. Is it 
onlv possible tor one or .say twenty? 

Dr. Crommelin : It is very hard to .say a definite number, but it 
vv. uld he ten or twelve resetiieh stiidenis or .something like that. It de- 

(Is entirely upon the kind of inve.stigation. 

Di. M. W. Travers: Like many others I have been profoundly 
interestcLi in Professor (’rommelin’s account of the work of the Leyden 
Laboratory, which I had the honour of visiting twenty years ago in 
comiiaii) with .Sir William Ramsay. In those davs we were interested 
in low temperature research, hut I am afraid if I showed on the .seretai 
pictures of our plant they would raise a smile. Our intere.st in liquid 
air and lujuid hydrogen was the outcome of investigations connected 
with the rare gases of the atmosphere. We began our work vvithout a 
liipiefying plant, ohtaitiing liquid air through the kind offices ol Dr. 
Hampson tiiid Mr. E. S. Murray, of vvhat is now the Hriti.sh Oxygen 
Company, who was then commencing e.xperin)cnts, the development 
from whieh he has told us about this evening. .Small quantities of 
liijuid air, brought to our lalxiratory at seven o'clock in the evening, 
were our only supftlies for the first nine months that we were engaged 
on this work. Early in the year 1899 , Mr. Rose Innes presented the 
lahorator)' with a Hampson liquid air machine, and Dr. Ludwig Itjond 
provided the funds for the imrehase of a compressor, making it po.ssible 
for us to carry out our work under nrasonable conditiiflis. • * 

Later in this inve.stigation it became clear that it would only he 
possible to obtain pure neon hy separating it from argon and helium 
by means of liquid hydrogen. The [troblein of liquefying hydrogen 
without siiendirig much more thtin ^50 on the work fell to my let. 
The li(’ Tier was eon.structed from slock sizes of brass lube, punched 
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blanks, with only a single i-asting. 'J'he liydrogin was iiiaile i?i, 

a beer barrel. An exhaust pump wbieh formeil part of the plant was 
a blowing pump, made by one of the stjirlcnts in his own workshojj, 
with the valves o versell, and it was driven by a gas engine of a j>rimitive 
Ivpe, borrowed from the engineering tmiscum. However, the plant 
workeil satisfaetorily, and gave us sulfieient liijuid h)drof!eiii for our 
purpose. Later, 1 reeonstrueti'd it. anil carried out some researches at 
temperatures down to 14° K. 'I’hat was in 11)03, ‘“’d since then my 
work h.'is lain in oilier directions. 

1 want to ask one (piestion, which arises out of Trofessor I’orter'S 
remarks. 1 alwavs found tiiat 1 got liw licst results with m) hidrogeii 
liquelier when the pressure at the top of the first cooling ciii! was about 
120 atmosplieres, or le.ss. The J'ressure at the jet must hale been 
lower. This was the pressure which w.is .gcner.illi m.iinlained at the 
g,tuge while the liiiuefaction of the hvdrogen was .ictu.dly proceeding. 

I niav add that, on one occasion^ when giving a deinoiistr.ition of the 
liquefaction of hvdrogen in Herlin, the gas w.is obtained froin t ylindirs* 
and was successfulli liquelied at a much lower g.iuge {iiessute. W e tried 
working at higher pnssures. hut 1 never remember seeing the pies'tnc 
indicated hi the gauge st.uiding .it 0111 120 almosphei'i ' while the li<iuid 
was running into the receiver. J should like to ask I’rofessor Crommclio 
if he has oh.seried an upper limit ol pressuie .diove which, tin cooling 
on e.xpansion appears to dc' inish'* 1 Iniaii th.it he told its th.it the 

helium plant was run .11 a low piessurc. 

Dr. Crommelin : 23 to 30 atnu>s!-‘u ri- wb;, th,- helium |il.int and 
150 to 160 with the hvdroeen plant. 

Dr, Travers: Do you fiml that at iSo .itmo'p'u o s \on e, 1 .1 httici 
or a worse result ? 

Dr. Crotninelin : 'Ihire is not much diiii rci'i., , v-n .,t 220 .itmos- 
])heres the jiroducing '-jiuciiy is al“im the s.nne. 

Professor Porter; J do not expert Indiogm 10 iowii ,it .dl in 
temperature in throttle exixiiision ,it .ici ti'mpei.ituic it ihi po ssnri- c. 
higher tii.ei 240 atinosphen-s. 

Dr. Travers: Mi next point i, of (iia, tic.il imjiorimu. 1 w.is, .11 
the begii'in;. verv iniidi afiaiil tti.it thi ■ ■indcc...it, ,n ol ciin small 
ijU.intilie' of .lit iiimld I, .id ti. li'ockina ot the I'pi, s and stoppage oi 
the .qiiiar.Uus, Though inv iiiilitie'-n e.iiloiciO flU i oolained iraees of 
air, it gave me no trouhli. 1 if. th, <,iiie- 'mi,-! whin .1 bloik oi enrred. 

it Was always tract-' to ep fio u ]. ,,,;n isptiienct. 

I’rolesstc (JroniinelinV 

Dr. Crommelin; I!'. >< kings mai o'■ iir i/ir .iccoimt ol impurities in 
the gas or o’" t 1 vapoiii ' v.c usi oil sep.tr.iior.s, so that there is no trouble 
with the oil. 

Dr. Travers: Von take some iitcc.iniions, how n-i. 

Br. Crommelin* Yes, then Ulc oil M-|i.ii,ito!s, but 1 am .lot ipiite 
awart of tne iktaib. ol tiu.-ir < onstiiu tion. Tin re w.is in tin beguinmg a 
goofl deal of trouble with the liiiuid hy.lroeeii a[)par.aus. If you worked 
t|if. [I'.int fiir half a't liom i: was all right. If you iioikid lor a longer 
lir.te Ihcn'you had trti'ihle. .At tin* kelehs.inst,ili tlnv htiil trouble whin 
working for lotu pi riods. ami Iticv had to put in a hcatit g spiral, so as to he 
able to heat the !ippai.»lUs 'ip, tl'-ar it, and then eool dmin again. 

Dr. Travers: I’rofessor 'iiomniehn s])e.ik.s of 13 litres ol li<)uid 
hydrogen an lioui. We never oht.uni-d mote th.m ^ .1 litre, \vhieh wa.!^. 
in those (lay.., .1 n yi laige qii.miiti. 
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Dr. J. A. Marker; 1 would likt; to say one or two words to endorse 
your expression of thanks to Dr. Cromnielin for coming here this afternoon 
and giving us tliese eery interesting papers. 1 was able, some ten years 
ago, to visit Deydeii and *;e some of llie things which he has de¬ 
scribed to us. J renienihcr that on that occasion I’rofe.ssor Onnes and 
Dr. Oornnt^litt were hotli present and I had tlie extreme pleasure of their 
own exposition of some of the things they were doing. One thing 1 re¬ 
member—and* it reniiiined with me—which Dr. (,'rommelin has perhaps 
not sufficiently emph.tsised to-day, was the marvellous dependeiute of the 
^epoch-making work that has been done :it l.ev<len f)n extremely delicate 
and difficult appar.itus-huilding, and more |Kirticularly on ap])ariitus made 
of glas.s. Due of the things th.it impre.ssed iiu' most at that time Mas 
something which Dr. (aomuielin referred to this afternoon as a more or 
less ordinary niattiT—the use of va> uuni vessels of extremely complicated 
construction, without whichvnany of the results they luiie obtained could 
never have been reacheil. Wlien at i.eyileti I was shown a piece of the 
helium plant, which was a vacuum*vessi I ahoul as thick as one’s little 
finger, bent round .it a right angle. J’his was not a single vaeuum vessel 
but it enclosed another conceiilrii- with it, the tulx's of both being of egg¬ 
shell thiekness. ,\nyonc reasonably .skilled can make a vacuum ve,s.sel of 
soils, hut it is ([uilc another matter to make one vacuum vessel inside 
another 

Professor A. W. Porter : There is only one potnr with which I 
want to deal, and that is in connection with llie measurement of the 
extremely low tcm]ier.ittiles to which >-e ha\e been introduced to-night. 

I’lofessor Onnes has atlenipleil to obtain the value of these extremely 
low leiiiperatuivs (below i K) by plotting a cune of the reei]iroeal.s of 
the reduced u'lniieratures against the logarithms of the reduced vapour 
pressures as far as the diuctly determinable values go and then extrapolat¬ 
ing by means of a linetir law. 

I wish to sUL-ge.st that it may he possible to obtain a truer extrapolation 
by nil alls of one of the various lheoretie.xl l urves which arc adopted tor 
ri |>ie-.enliiig vapour piv.ssures. Approxiiiiau ly, for many substances at any 
'xe can wrilc, 

it 

7r — tly 

where ir and y aie rediiceil pre.ssure and temyierature respeetiiely ; fir 
i.iiu e ir -- r when y == i, logiu’r “ log ,„/■ - -f //. 

On a eune with the same co-ordinates as Kaincilingh Onnes itsc.s 
ihe slope will he. 



hence it is greatest at the origin and diminishes as - inerease.s—iiltyiiately, 

f • 

but gradually, becoming straight. ... 

1 have determineil the constant />' in such "in equatkin taking as 

fixed fxiint the experimental point for ' ~ 3 , so as to be well within 

the experimental region. ’I'he value of is 8*46 and the tairve is showm 
in the figure by a eotiliiiu'us line; Kamerlingh Onnes’ curve is .shown 
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, .. 1 (un.' J luivf n-ad olT tlu- tinipiraturis .orrespcm. n- 

lo various \^rc^-uvc> aa.l tabulate them below al.m^ w.th values 1 

^■?Vse renmkrau‘’‘ouri^^^^^ K- 

, .:7ik t.. studv the ucneval form of the vapour pressure ciiue 

in the mm-i ‘•"‘I'’"' 

to oMin.l our kiiowUdKe ol tempeMim.- values. 
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^rofesS(lr Kameriinich Onnes (n/-/\ , 'mmuiuuilfU. />Hi-ml>rr \(,^,'i. 

1 qiiitc I'ro'* \\uh rrnfvssor i’niln ih.n ii is of iDiporlaiiiii H> 
’'liidv < vjjfTnnL*nt.iH\ tin- \a|ifnir pu-'^urt »W!\f in liic non'i:\trapt)hitt‘(l 
lo^Kiii Lo |:ot h-'lU-'' i!il(;rinalio;i on iIk* tt lupt r<1 lire x.ilufi in Llir Iowlt 
one. intro K a uiw iov.-ii^^ation <>l ilns flillK uli -iilmri in h.uui ami 
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1 trust wu hall succ-tcrl in extending it to lower temperatures and in 
obtaining iiii re accurate data than are available at present. 

'I’he pr! -,ent data seemed comjjatible with a curve that for lower 
nxlucod temperatures becodtes finally rectilinear, in analogy with the 
cases given in ]<'ig. 9, 14. When this was the case, then by drawing 

the tangcju.to the experimental curve the values of temiterature obtained 
would at least not be loo low. 

By extrapftlation according to a theoretical formula of the form of 
that given by I’lofessor i’orler lower tempi^ratures, and not as Profe.ssor 
, Porter finds higher temperatures, were found. Professor Verschaffelt 
who calculated the formula which was used in this extrapolation had 
emphasised the theoretical meaning ol 

log,,, JT = A + C log,,, 7 - ^ 

by inlroiiucing into it for A the reduced cheinit'al constant for helium, 
0-51), and lor C die iheoretu-al value for iiionatoiiiie gases, 2-5, and then 
' lilting I! lo the observations. .Assuming log,,, tt = - 2-18 for y—■ I, 
aei-oidiiig 10 the plotting, one finds I! = o'53 ; so «e should have, 
btlow y — 

, , . 1 

TT ' ■ o'5*i + - 5 7 1 * 


'l*lu u lead liopi thi' run** lepu'Ncntrd by Ihir* forniiila, 
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an 1 .en io«ei di.in thosi- found by rectilinear cxtr.ipolation. So the 
n all-, as 1 -aid. iiulaMte th.it with the linear .-xtrapolalion we were on 

l. ' safe sale. 

i > 'feienei s ol souh hundredths 1 
vesulis ( I’rofessoi I'orler and ol 

Is within the limit of uiiei-rt.iint) 1 

i>f a di gree siuh as occur in’tween die 
111, self ire after all to he considered 
nf ihe exiierimenta! data from which 


\\e have start. 



PART II. 
TION 


— I.NUUSTKIAL MKl'i-lOlKS (JF T.IQUEFAC- 
A.Vl) I’KACTICAL APPLICATIONS OF LOW 


ITCMPKKATL'RICS. 


Mr. Ciwrjfe Gixtdsir. President ol the Brili'ih Cold .Storage and 
Ue As.sorialion, uiHrv.eil this section of the ]iro(.eedinL;-' with the 
follovvinu remark- 

lietVin ('ailing im tin autluir-- who .ee ;a,oine to ^I'e u*. iheii iu|>t r>, 1 
v.ntt to .sav a wold or two on hi hall ol tla- r-oeiiU wlm’h 1 rel)re>-t nl. 
piiM, 1 wouki like lo 1 spre-- theii ht-l lh,ink> lo the I'ai.ul.n Society toi 
I’u'lioiK/iir the\ h.'.M done u-in in\nina u-- to inu l with yon .aul I'orih i 
upon the >.111 ijei l ol low It injier.ituii--. 1 lie Sotaiy which 1 lejiieMiit i-. 
in name, ip'ile new, herau--• '.hi> i- priein ..llv the lir,'. ollii i.il ealhetin- 
under the n.ime of llu l>rili-h ( old .Sto!a.^e nnl In .'.■e-oi lation. It L .in 
aniaigaination ttl twt S eielK-. which h.itt o* t :i in eci-u ni. . tin.' one -iin t 
H;io, and tin .alu-r tiin i ten \i.ii' K.iei riiiii iiuinhi’-- .ire i.ngi i\ 
eiigagt'd in pr.tetie.d engnieerinu, ■.Inji-ownine .uid etiuial itliigeraling 
hLl'.ine^^ aiul -tore kt ejjing ot wiout kintL. .nul it- I’ll.-re-t- ilo luit, 
thereloi'i- eoinpet.- in .in\ w.iv wiih tiu 1 .ir.nt.iv Sm lely w'hn h is intei- 
t stetl in the sen ntilu sale ot letl'gei.ition. 1 .iin .ifraid lii.it when tile 
discussion conies to iK.d witii linuid an .ind sin li in.iUeis. we ni.iy I'n.d 
ourselves .1 little out ot onr depth. 1 ne leniju iatnies which you handle 
(liiile unconevnieiiiv .ire l.ir hivond oin wildc'i ini.iein.Llions in the natiiu 
of cold, .O'd our lowest teinpeiaUire- .in mere sunniier i ooluess hesiiU 
wh.it vou . 'e ;.I < Ustomed to -pe.ik .li/Oill. Some d.iy, ■ erhajis, lifjiiid .nr 
and othi. r rieeiit products ol si ten< e ii..e. he ni.uli av.nl.ihle loi the ordnian 
tvovk oj tin prt.St I .ation in perish.itiie lot.d, hut 1 dt> tioi think til.it is jiisl 
\et. Meaiiliim.. tins disi n"if n whit h i- to t.'ke pi.jet to-dav ni.iv. ]ierliaps, 
o]H n onr eves to ili., possilnlnits .n lli.it iliieetioii, and altiiougii oiii 
in'iinhers -njiy manv of them, lx aiile to .i-sist toil tirv pr.a ti'iallv in 
lilt.' diseu.ssion, wt wih lisli .i ,tnd learn. 1 am suit, ami we will tlo what we 
ean to adtl tote, knowledge on liie suhjeel whiil. in.iv spring from out 
prjelie.il ccpei.em,e. Witlt thtse few prelimin.irv lein.nks I li.ive pltMsUie 
III l..■!li^g upon Mr, K. .S. .Murnv. a geiitleiTi.in wee .n ipiaintid with tin 
pr.iili^d liqueiaeti'iii oi .nr lor many viais p.ist, to open this -.ei lion of Ihi 
[•■roi .-I,dings. 



iNin^sTKiAi. mj;th()i»s oi'- i,i(.>l'icI'A(:ti()N’ .vnd practicm. 
Al’I’LK 'A'CJON.s or J,0\V 'rr.MPERA TUKKS. 

ii\ K. S. Mi.khw, M.LMkcii.J;. 

'J'liC' litU- of lhi^ jKijiifc w.is iHit M-Iri tell bv nUNcll. \\Vie I to tk’al 
with uvi-ry Mii/ji.-il which miaht lugiliniatrly be collet-reel under such a 
c',)ui|>rehensi\f unibrell.i, 1 slioii!il»ieiiuiri far mole time than has been 
allotted to nie. 1 haee iherefoie ileeidetl to ileal only with the subject of 
the seiiar.dion of the eon-.litiients of air, with s[iocial reterence to low 
teniperaturt litiuetaelion. 

^ When ])eo[>le talk ol se|)aialin:; the constituent-- of the air, nine out of 
cM-ryten have in view tally the extr.iction of owgen from the almos])here, 
and. -s 1 hate lieen en^apetl in t Nlracline vastly more than mv fair share 
fia the liist thirty-fne le.iis. the subject is one on which I should lx; able 
tospeak. with .some d'-eree of aullioiit). In fact, the history of the British 
Oxygen Conip.mt, willi which 1 b.txe been assncialetl for the whole of that 
period, is so intnnateh bomnl up with the inilustrial development of 
tixygen that il is iiufiossible, at .mx late for me, to coiisliler the.se stibjects 
.ipart. 

'J'lierefort. lor iiisUiiit .il .iceuraev, before tlealing with low temperature 
extraction of oxygen litaii the .itmosphere, I propo.se to refer very briefly 
’o ihe barium oxitle process foi effecting the s,inie purpose, as it was un¬ 
it.tibleilly by that process, in the haiitls of the British Oxygen (,'ompany, 
i.it the u\v"eu imltisirx was founileil. 

n-.e Ihitish Oxygtti Comivniv was e'tablishetl in iSSh as the Brins 
Oxygen (,'ompany, to t.ike over an alleged process for the produelion 
of oxygen, jiateiiteil by two h'rench brothers whtise name was iidoptctl 
as the title of the ('ompany. The Brin jirocess was based on Bous- 
sing<iults ilLseovery iti itifi, ih.tt ala ttanperatiiie of about 540" C. the 
monoxiile ol the iiiela! barium wimlil absorb oxygen readily from the at¬ 
mosphere witli die resulting foimalion of dioxide, and that at a higher 
u inpeniluie of about S70 the oxygen thus absorbetl woultl be given ofl' 
iigain .iiitl tile liaiitim restoivd to the montixide eoiulititin ready for the 
cycle tt) be repeateil. 

.•\s a natuial eoii.setiutau-e of Boiissingault's iliscovery many efforts hatl 
been iiiailc to establish a l•t)m^K•rl•ial proi ess for the yai)diietion t^f oxygen 
fiased on this iiiiparenlly unalterahle property of barium oxide. Jn sjiite, 
however, of its chcmicat simplicity, many practical difticultics arose whicli 
rctntiinetl unsuniumiiteil until the ailvcnt of tin; Brins Oxygen Company. 
Even tlien it was only idler jirolonged ami cosily e.xpcrimental work which 
resulted in the Brin process being practically thrown ovcrbtiard, that the 
barium method of idislracliug oxygen from the iitmosphere became an 
cslablishetl sue' t-ss. I dcseribetl the profess fully in a paper 1 read before 
the Institution of Met hamcal Engineers on January 3isl, 1S90, and 1 
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cannot do better than lefer to that i)a|X‘r unvone who may be still interi:sted 
in the process. 

Here it is suHicient to stiy that the rtimlameiUal chiinges which we 
effected were: (i) workin)* at a constant I'lirfini'c temperature of about' 
650° change of pressure being ri lied upon for deterniining the respective 
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from 5000 to 30,000 cubic feet of oxygen per day, were also erected by 
Lheni to provide oxygen for industrial applications. A fact which is 
especially worth)’ of mention is that the first plants for the commercial 
•Jroduction of oxygen in Pa^is, Ilerlin, and New ^'ork, were of the barium 
jxidc type and were erected by the British Oxygen Company. 

1 am afraid not a single barium plant remains in existence to-day 
ilthough In point of economy the process does not compare unfavourably 
with liquid (Oxygen plants of the smaller type, and it was abandoned 
mainly because it was incapable of producing oxygen of irfjual purity. 

As early as 1896 the Briti.sh Oxygen Company, as the maker.<j of 
Hampson’s ai)paratus for the liquefaction of air, i)ecame connected with 
low tempt-raturc research. The Uampson ajjparatus (J'ig. 1), which is 
based on a noz/lc, or free internal, expiinsion, is sf> efficient in its tempeftt- 
.urc interchange, that when exitunding about 700 (aihic feet of air from .a 
jre.ssnve of 150 atmo.s])heres^to almtxspheric pre.ssure, it bi.’giris to produce 
liquid in about fi minutes with a yield of about 1 litre of licjuid per hour. 

l<'or the production of liquid air a commen ial scale, this apparatus 
is too small to be of any salue. On the other hand it is specially ile.signed 
for the (juiek production of liquid for re.search purposes an<i it has heeii 
idopled for that purpose in many educational establishments and research 
laboratories throughout the world. 

• The succe.ss whi< li attended the intioduction of this apparatus, coupled 
with the still tiitire important work of Profi-.s.sor Carl \on Linde in the 
liiiuefaction of air, pointed to a method for the separation of its eonstituents 
which might develop into a rival to the Ixirium process ; consequently, the 
British Oxygen Conipiiny, like other concerns e(jui])pcd with facilities for 
the production tif liciuiil .air, were quietly experimenting between 1S96 and 
1 903 with varitjus methods for sejxiraling the constituents of li(|uid air by 
partial evaporation. 

It nuist, however, he atlmitti-il that the problem remained entire!)' 
unsolvcil until the proi'ess ol rectirux.ilion was disclosed by I’rofi-ssor Linde 
in the latter year. J<'rom that dale onwards rectification has been the 
fundamental prini'iplc underlying exery patented method for separating the 
constituents of liquid air. 

The Hritish Oxygi-ii Comp.my were not long tlien-after in realising that 
their harium process for producing oxygen xvas at length seritrusly threatened 
by the introduction f)f rectification for scjiarating the constituents of liciuid 
air. ^Ve therefore i;onelu<led .in arrangement with Professor Linde under 
which weai-quired his Hrilish and Briti.sh Colonial rights in rectification. 

In 1906 ne erected in our Westminister Works a Linde plant capable 
of jiroducing about 500 l ubic fi'el of oxygen per hour. It is illustrated in 
the photograph, l-'ig. 2. 

'I'his photogr.ipii is oi .some general interest, because it shows on the 
left-hand side the first liipiid .lir plant i-rected for the production of o.\)-gen 
in this country, and on tin' right-hand sidi- a portion of the last, and be.st, 
of many lurium oxide plants erected by the Comp.'iny. l’rofessoi*Linde 
himself w.is so si ruck with the efficiency and mcchanica! sinqilicity jf this 
latter plant that, largel) on his recommendation, the two plants were xjjorked 
.side by side for many months before it xvas llnally^deeided to slilxstijute 
liijuid air for iKtrium oxide plants in the production ol oxygciT throughout 
the Company’s factories. 

In 1908, as the outcome of prolonged litigation, wliicli established 
Linde’s claim to the rectification of liquid air, the (.oinpany entered into 
an agreement with the Sociclc ! .\ii l.iquidc ot !■ ranee under which we 
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■ acijuired the Claude i{riti>li and Hritisli f'olonial jialentM (v. illi the excep¬ 
tion of Canada), for the sepanition of oxygen and nitrogiai front liijuid air. , 
In many of our ^aetorie^ tve ha\e to-day Linde and Claude plants working 
side by side. We iherefoie elaim to have li.id exei’ptional facilities tor* 
eomparing the two system.i on which the important oxygen industry of to¬ 
day has been dev(;lope<f in all parts of the woi Id, ^ 

I now propose to de.M libe aiitl illustr.ite tliagramni:ili<'all\ iheT'ssential 
features of the Linde and Clauile s)steni% and .is I am tie,ding with the 
subjeel from the inilu.strial r.ither than the scientific point of \iew. 1 sliall 
confute iityself mainly to facts and ligiires which are based on practical 
experience. I ntitst therelbte .issiime the proiliiciion of liipiid ail to h,i\e 
reached the stage where I imli-'s ad.ipt.nion of the joiik-'l'homscn eifecl 
,ind Cl.iude’s expansion .■ngine en.ibled tii.it liipiid to be produced in com- 

nie'ii.d ..ii.intitii-,. 1 must aLo .is- 
suiiie the plr.-leal laws itnohi'd in 
pmdiulion t'l be genci.dlt undci- 
sOukL 

I he l.uide pl.mt sliown on the Kit 
of Tie. a o presents lie, earliest lipe 
empKned for the i.e|i,nation of o\\g< n 
fiom liipiid air. .Such pl.mis coiisisl 
(■'■■I nli.dl\ ol .in .11! I ompicssor; a 
suitable purifier lor eiimm.iling ' .nlmn 
dioxiik , ,i driei for removing mois¬ 
ture from the ,iii , .1 fore-iooK'i, 

w'liieh is kept toKl b\ me.nis of an 
.iinmoni.i or ,i c.irbon tiloxii.le iii i- 
I hnte; .Old I'ui.dh. tin- si-par.iloi 
■ on; nnin... the co.'iitii eurienl he.il 
inletiinng. r and the leiiifualioii 
enUimn. 

Tt-a wot king of sueli a pl.int i- as 
tollows; ,-\n Is dr.iv.n In tlie etun- 
pres.sor lliiough ,c linii’or e.nisiii .soda 
|)iirifier m oidei to leuiioe -xobonie 
.I' ld. it i' then i onipiessed, tinder 
I onditions .is ne.irf. isoiheinial as 
possitile. to a pii-ssuie of aboe.t i j, 
Fic.. 3.—Linde’s singic column type .itmosplieles .ind passed thioiigh .1 
separator. drier eontainmg e.il'itiui ehioritlt in 

order to leluoie nioi.slnu. ll then 
enters tile fore-eoolei where it i.s eoi'teil loa lemper.tliire ol aliout • f ■, 
all) remaining trates of inoistiire iKiing deposited Iheie as iee, and linalh 
pas.ses to the .separator (.if whieli a seitiona! eliw.ition is shown tliagr.un- 
luatieally in kig. ,5. Tile main pipe ]) eomejing this loinpre.std ah to 
the apparatus is split up into three small jiipes d at the point where it enters 
the counter-current intcrchangcr coil ('. it p.isses dr.wn these jripes, whii li 
ate repnited into a single pipei/, when they leave the interehangei .iiid this 
pipe (/i which is coiled in the vaporiser I! .is shown, is att.tehed to the inlet 
ol the valve'ti. .-Vt this point, by the adjiistnient of the legulitting \alve 
spindle II, the air i.s caused t,i e.xp.tn(l iioiii a high to a low jtressuie and is 
di-scharged at tills low pressure lliroiigli the rose-ended pipe i/„ into the top 
of the r(,-etifiratioii column h. I'he expandetl air filks the 1 olutmt and then 
flows lliroitgh the only two possih'e outlet pipes c and e which surrouiiil the 
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small pipes d thus fonniiij' a counter-current interchange of heat, as the 
outgoing expanded air ascends the interchanger coil through which the 
(high pressure air is descendjng in the small pipes d. The expanded cold 
gases, having thus ah-.tracte<l heat from the incoming compressed air, leave 
the si'parator at and IC as imliaited in the diagram, nearly at atmospheric 
temperjttfre. 

It is at the valve (J that Lindt; obtains the Jotile-'J'homson cooling 
effect and tfiis is made cumuluiive by means of the counter-current heat 
intcichanger. 'I'lie tipparattis is completely enclosed in a wooden casing 
iintl all spaces are packed with suitable insulating material, consequently, 
after starting the ]ilant with everything at atmospheric temperature, the 
separator gradually cools down until some ot the expanded air begins 
to liiiuefy and collect round the coils in the vaporiser Jt. The quantity 
of liquid thus eollccUal is registered outside the apparatus hv means of 
an ortlin.irv coloured liipi^l which is contained in a glass tube enclosed 
in a pressure equalising circtiil as indtcaleiL Ome this stage is reached 
liqtii<l begins to accumulate ra]>i<tly in llie vaporiser H, and the initial 
Itrcssure of the eonipressed air may be gradually reduced by increasing 
the opening ol the vjhe (!. 

As the lioiiid begins to accumulate rouml the coils in the vaporiser 
Ji. the compressed air transmits some ol its latent heat to the liquid. 
'J'hc latter is thereby evaporate<l whiKi the compres.sed air is itself liquefied 
in proportion to the .imount ol heal thus extracted. The vapours thus 
produced flow upwards through the rcclifiixilioii column A whilst the 
liipiid formed in the compressed air i)il>c coil r/, a.scends through the pipe 
</„ anil is dischargid thitmgh the ro.st'-eiid at the lo]) of the vei'tiiication 
columti. 'J'he tenqteraturc gradient ms es.sarv for efficient rectification then 
rapidly 1 ".comes established in the column, .md the final .stage is leaehcd 
undei wiiich flie sejxiratioii of o.xygen is elfecled. J'iie ])ipes (' and K of 
the coimlcr-eiirieiit interc'iaiiger then begin lo fulfi- theii ]iroper fimetions. 
llu- nitrogen vapours licinu delivered lliroiigh the former Iroiii the top 
of the column and liic oxygen vapour, ihrough the l.itler from the top 
I’f the r.qioriser. file separated ga.sts leate the alipaiatiis at (' and L 
lespecrixely >! or ne.it .ilinosphcru leiiiper.itiire, haxTiig abstiaited heat 
bimi the iiK.'nM,iL’, (ompiesscd .lir whilst passing i.j, the i-oiinter-current 
in crclianger. 

1 le action which t.iscs, place in this, the simplest tvjic of rectification 
ciiiuiiin. must mm be briefly expl.iiiieil as exaedy the .same principle is 
iinoivcd ill .lU others. 

Linde relies fot his temperaiiiie gradient on the difference between 
the boiling point of nitrogen and oxygen. I'he fonner is — 19(1' tb. and 
tile latter — f • Liquid air is di.schargid into the top of the column 

.11 .111 intermediate leiiipcrature of about - 194” C. As it passes down 
nitrogen, being the more volatile component, immediately begins ti 
evaporate off and the liquid gradually Itecoiiies richer in o\y{cn, with 
.1 somewhat Iiiglier teinpeniiure. .Vs this rich oxygtn liquid acriimulate.' 
in die vaporiser it is cvuiioratcd by the comprc.sscd air passinjf ihrougl 
tile coil until it is practically pure oxygen with a Icmpcralurc \(My nearly 
- I There is thus a temperature grailiciti (I# about r t," e.sla'fjlishec 

between the top and the bottom of the coluiiin. latiuid air pa.s.sing down 
the column is linnight into intimate contact with the rising vapours o 
oxygen and an exchange of material lakes place. At each stage sonu 
ol tile rising oxy’giai is condensed and some of the nitrogen in the desceiul 
ing liquid is ev.iporalei', whilst the li(|uid gradually gains in lem])eralur. 
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until by the limo it roaches' the vaporiser its composition is that of practi¬ 
cally pure oxygen. 'I'he gas on the other hand which passes oft from 
the top of the column through pijie is mn^inly nitrogen at a tempera¬ 
ture about ii" C. lower than that of the oxygen at the bottom of the 
column. The oxygen which rises in the column to efiei’t the materi.il 
exchange with the nitrogen of the descending liquid, is earrii d • hack to 
the vaporiser together with mo.st of the oxygen contained in the original 
liipiid; thus there is a constant accumulation of oxygen which passes oil 
as vapour through the pijh' K. The ga.ses taken separately (rom the toj) 
and hottotn of the a.ppar.tlus tlirough the counter-current interehanger, 
are made to abstract heal from the incoming eoinpresseil air on its way 
to he li(|uefietl. 

When normal oxygett-producing conditions are est.ihlished, the air 
supply from the compressor becomes redueetl fiom i 15 almosjtlteres to 
about 55 atmospheres, tiu- latter piessure heinlg found suftieient to make 
good all thermal losses due to friction, leak.ige of he.it fioui outside, and 
im|)erfcct interehan.ac in the counter-cilrient svstein. 

This type ol sejxirator is lasy lo operate .ind fioni an eeonomical |)oinl 
of view h.is been found saiisfaetory hitherto for use in relatirelv small 
oxygen |)rodueing ])!ants. .\ defect, h<mexer. of reelifii .itioii in this form 
is th.it although oxygen of high puritv can be ])iodueed. at least ; pr-r eeiil. 
ol oxvgen is eontaineil in thi' xvaste nitrogiu. ll.oh's well-known ixpi-ri- 
ments in li )00 demon.str.ited th.it the x.qiour in eqnilibrimn xxilh .iin liquid 
mixture of oxvgen ,ind nitiogen alwavs eonl.iiiied uioie nitiogeu th.in the 
liquid ;md that wtien tiu ex.-por.iling li iukI is an. tin piojiiiiiion ol owgrai 
lir.-sent in tiie I’.qiour is - per cent. rh- •ei.m . m .1 n n 1 lifr .iiion i oiiiitm, 
such as ibis i.irK Lu .U type, xxlieu h,|mil .01 'iiti r .it t‘.i top li,,s. 
..mounting to ..bout one-t'Cld oi'tlu loygeu ui tin ,111, 1, luex it.iiile. 

f\'ith large |)lants this hei oun s .1 rious .nid J believe J am 

correct in st.(ting that Claude w..- the I - ; ;i-• o., to d.-ign .1 sep.ir.ilni 

which rib.ties this In .. I w'tli. :!i i ; •■ . now. ..ohr in m.iint.un 

(hrollologie.il .Kxur.u., brief!', dis, (;ii, a ; pen! t'li.'ik pl.mt e,ip,iblc ol 
[Hoducing -t.ooo cubit fei t 0! n.Xige i pi ; i.nm. v.iiu 1; 1- l.imch tiiqiloxed 
In the Hiitish Oxxgen C^l■llp.ln\ at .be pie-. i;t hu,. in n. aiU .ill ol tlii ii 
factories i-i this eountrx. 

The oi.'sUuding fe.itur. - ol Cl.iu.les pi.'ii:- .'h,-: : 11 ' ■u hcg b\ means 
ot .111 ext ''.ioll -’Igitl'- lat .\ SI le. • • e .le ',1 (.1 1 I ll'ii ,il ion lelldilell 

jiO'silile In .1 j'reiiimo.ii' piitad -e|,.i:.,.i(.'i ni -..i.ciu ind mliojen. (gj 

.\ ■ oiubined sx sti n ol in .'t ie;. 1 , 01^ • '"i 1 ■. mg w im li n in lets el-.etiiii .1! 
ahstrji tion of moisture f<,.ii •,.eaii tuin n-,..,-.. 

The ivorking ol tne pl.iiu i- .0 :-"l'ixxs ■ .hii d..iun in a e.miiiressor 
'hrough rurifiets to rcnioxi- 1 irhon tinixioe a. i'l the I.indepl.ini. Jt is 
'.hen compressed to mixiimuii pos-uie ol aboin .itinosptieies and 
['asned through v, , xertu al liibui.o lie.il mien hang(-is in .eiies. In pass- 
iiig thitugh lilt -etiiiid of uic.f. It metis in coiiniei-eurifu! the cold 
sf['arated oxygc't .iiid iiitiogei, p -lug (tiiiw.inf, bom ttie sejMi.iior .iiitl a 
Very tofiipiete int'rch.uige of heil l.ikt s pt.it e. Ileie alsi iii '.t ot the 
m'listur,’ Is thrrnx-n ihmii .is xv.iier .oul dr.iwn offal inti;iv,,ls, the o ni.iiiiiler 
bt-ing .itre-tcd. in ihe fiti.n of ue round liu tubes at tbi Itip of tiu; itilei- 
ehaOs..'r. Meanwhile llie 'iisi mieo iiaiigi r whit b h.ul pievioush imr- 
f.jrn.'ail the same Itii;' l.on. 1 If ing tli.iwvi! out by tin. ii'' [xissing tlirough 
it, in orilcr to be c.iil. tor suloi-.qiient use 'I'luis these euereh.iiii'i rs aic 
oiier.J.cd a.s .stu I) .il'i riutte!;, tieiiig chalrged ox'er at mterxals of 8 
hours. The eotujees-.ed .or le.xes the s.-i ontl inteieli.ingei at .1 teiiqiera- 
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lure of about — too'' 60 to 70 per cent, ofthe cooled air goes direct lo 
tile expansion engine where, in expanding to about 4 atmospheres, it per¬ 
forms external work against a dytiamo brake and issues from the engine 
at a tem|vmaturc not far rf'moeed from its pt)int of liijuefaction. 'I'he 
remainder of the air passes under full pressure into an interehanger, 
termed tbiklitiuefier, where it is litpiefied by meeting in counter-current all 
the cold fjxygcn and nitrogi.’n passing from the separator t(j the second, or 
operating, intt-rchanger previously described. 'J'lu; cold vapour from the 
e.xpansion engine and tlie liquid from the liquefier both enter the outer 
compaitmenl A of the litiuid collecting ve.ssel .shown in the diagram (h’ig. 
4) at the bottom ofthe va[(ori.ser, the liipiid supplv being controlled by the 
valve shown, which performs the same function as the valve (i in the Linde 
apparatus already described. 

ft) this .skilful combination of internal and e.xternal exi)an.sion, (llaude 


is able to obtain a higl> etficienv) 
from his e.xpansion engine. Kor this 
latter purpose it is obviousU de.siraWe 
to keep the compressed air as warm as 
[vossible. Uy passing the cold g.ises 
through a liejuefiera tnofold purpose is 
■served. J‘'irsl, a moderate supply of 
li<(uid air for making good cold lo.sses 
is assured by very ilTective hetil inter¬ 
change, coupled with the 1 ,inde method 
of internal expansion. .Secoinl. the 
heat usefully abstracted by the coif! 
gases fioni the eomprc.ssed air pass¬ 
ing in counter - cutrent through the 
lupielier, rai.ses theii temperature to a 
point which prevents theiii abstmeting. 
at .1 later stage, too mueh heat from the 
compressed air pa.ssing through the 
iiiiin interchanger to Iced the e\p,in- 
-ion engine. 

Reverting to the fli.igram, it will 1 
hop.- now be obvious that a regulai 
;ind tidjustiible supply of liipiid air and 
intetl.sely cold vapour is fed to the 
outer compartment A below the v.ijvor- 
i,er. The v.ipour thus ascends the 



vertical nest of tubes It (leatling iVtnn the lop of this compartment), which 


are immfnsed in baths of liijuid oxygen (1 anil 1 ). In these tubes the va¬ 


pour undergoes (irogressive liquel.ielion and oxygen being the less volatile 
constituent, it is the more readily c()nden.sed and flows back as liquid into 


the com[iarlment. A p.irtial scrubbing e'fect, or rectification, alijp take.s 
place, consc(|uently the vapour iiassing out at the top of the tubes is very 
rich in nitrogen. 'J'his rich nitrogen vapour tnivcls down a similartiest of 
tubes leading to the inner compartment E of the bottom ve.ssel w\ich it 
reaches p.irlly in the liquid condition. Thus in priRttice litjuid conlalhing 
about 40 per cent, oxygen is obtained in the outer compartment and liquid 
containing about 4 ])er cent, oxygen is obtained in the inner one. A 
[ire.ssure of 4 almosjiheres is neee-s.sary in these compartment.s, and the tubes 
eoumuinicating with them, in order to rai.se the liquefying point of the 


oxvgen-nitrogen mixtures above - iS.y'' C., the temperature of the litjuid 
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oxygen bath, so thal liiiucfaction may take place and dull latent heat may 
pass to the liquid oxygen and evaporate it to a corresponding extent. 
Alwi'e die vaporiser, as in the Linde apparatus, is the rectification (xilumn. 
'J'he licpiid, rich in nitrogen, is convevi-d from die inner compartment E to 
the lop of the column at II. The liquid containing about 40 per cent, 
oxygen is com eyed from the outer compartment A to the colginn at the 
point R where the composition of the ascending gtises should correspond 
to lluU of a gas mixture in c()uilibriiini with a 40 jicr cent, o.vygen litjuid. 
Rectification with the correct temjierature gradient then proceeds as already 
described in connection with the I,inde separator (J‘’ig. 3) with however the 
important dilference that, as rich litpiid nitrogen replaces liipiid air at the 
top of the column, a corre.s])onilingly lower temjierature is maintained there, 
thus extending rectification, with the result that nearly all the oxygen is 
alrstracted from the air. The waste nitrogen is taken away to the liquefier 
iiilerchangcr from the top of the column and .ixygcn through thejiipetl 
•djove the lower of the two communicating oxygen liaths, which latter 
•ire so arranged that a uniform supplyiof good (juality is assureil. 

An interesting addition to the separator is a .small nest ol tubes in the 
eentre of the vajioriser through which a (juanlity of rii h nitrogen from the 
inner eoiiiparlmciit E can Ik' withdrawn as indii:ated. -After this additional 
serubhing a rekitively small, but useful, r|ilanlitY of gaseous nitrogen of 
0i)'5 to 100 jicr cent, purity, can lie obtained as a byqiroduet. 

•All jiirls of the a|ip.iralus subjeet to tenipeialiires below tluit of the 
alniosphcre, are eflicienlh insulated ,ind when wrirking eoiiditions are 
established, air is delivered by the coinjiicssm at a jiiessure ol 2(1 atmos- 
jlheres. 3,^ almosjiheres, already mentioned as the maximum jin-ssure, is 
the initial j)ies.--ure employed to hasten cooling down. I'liis is less than a 
(juaiter of the initial pressure rixjuircd In Linde ami ollu i jilant.N wliich is 
not only a line tribute to the eliicicnci ol ( kiiides exp.insi(>n engine, but 
this relatively low maximum pressure enables lighter malt rial and more 
efficient design to lx: employed in the mlertii.ingers .md elsewhere. 

A striking feature of the expansion engine is that it woik-, without any 
cylinder lubrication. .Specially treated leather, horn which water :ind fitly 
matter have been renioicd, is i iiiployed as jiiston jiaeking and it is found 
that, at the low temperatures involved, le.ilher in this condition remains 
jiliahle and the engine gives no moie tiouble than an oil lubricated 
machine. 

W'e find that ihe'-e jilaiils under daily working conditions jiroducc oxygen 
of i)X-5 [ii>r cent, purity for an exiiendilure ol about 1S5 ll.H.P. jier liour 
or 46 K.H.lf per 1000 cubic feel of oxygen. The lalioiir nquired for 
working the plant is no more than is required for a jilanl onc-tenlh the 
size. We do not enijiloy larger plants than these as we find them to he a 
unit of eonvenient size lor our oxygen factories. 

VVe do not employ Linde jdanls of larger eajiacity ih.ni 2000 cubic feel 
of oxygen pel hour, but so far as the separator is concerned, these and 
all larger landc jilants are now simil.ir in most Asjiects to the (llaudc 
design* 

In jiroducing eold with these larger jjl.inls, Lindi' does not enqiloy an 
expalision engine doing external work but still relies on the Joule-Thomson 
effect jiroducetl by internal exixinsion of the air. On tile other band he 
economises power by coiiljiressing only one-third of the air used to a 
eoustaiil jire.ssure of about 135 almosjiheres and the remaining two-thirds 
to 4 atmosjiheres. Thus like (.iilaude he admits liquid and gaseous air to 
his sejxiralor and ajijieais le obtain -•imifn lesiilts witli very little more 
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i;\penditure of power. 5 is a (lia^ranimatic ilUislrulion of Ijinde’.s 

Sofia rat or. 

'I'liis consists of two rectification coliinins, one alsive tlie other, 'rite 
hlwer, like the condenser tithes in (ilaudc’s apfuratu.s, works under a 
pressure of 4 atmospheres and the ujifier umler atmospheric pressure. 'I'lte 
hijrh pressiue air at 135 atniosjiheres enters thi' bottom vafioriser at (' and 
is liiinefit'd in exactly the same niannet as in the sinjfle a))|Viratiis illustrated 
in Kig. 3, entfrring the lower colunin, after expansion, through the rose- 
end shown. This sufiply of liipiid air, like that of the ('laitde liiiuefiet, 
makes good all coKl losses. 'I’he low pressure gaseous air enters the 
bottom vaftoriser at It and passing through a M-parule coil is discharged 
into the lower column alKiut the Centre, as shown, from which fxa’nl it ri-es 
to a nest of tubes I) surrouniled by a bath ol liijuid oxygen, as in the ( "laude 
apitaratu.s. Here parti.d liipu l.iction takes [ilace, 
and the liipiid f.ills b.ick o\el the plates with a 
scrubbing effi-ct on the rising \apours. .Most 
■ of the o.xygcn is thus renioxed aml» accumu¬ 
lates as liipiid in the lowi r vajiorisii. 'J'he re¬ 
maining g.Ts, |)raeticidl> inire nitrogen, passes 
over to be condensed in the external tubes as 
indic.ilcd. Thus liquid,-, lich in iiitrogen and 
oxi'gen respecti\i.-l\, .ire sujjplied .is in the 
(’laude aiiparatils to tlie iqij'er column, in the 
liosiiions shown, lor liii.d lei tiue.ilion. T.oth 
nitrogen .ind o\\gen .lie dr.iwn <ilf ,is indicated 
through a eountei-eurnnl cod iic.jieli.iligel 
similar in (onstruetion to I'nat shown in Kig. 3, 
in order to .distrait he.it (rimi the iiieoming 
high and low iiressuu- supplies of .lir. the whole 
heing simil.irlv insul.itid. Jn thesi plants, .is 
in the sin.die!’. Idnile eniplins .in aiixiluir) 
fore eooler whieh is kefit eold liy .111 .inuiionia 
or (Mihnii dioxide iiiaihine. but be also i-m- 
ploys die fore-eoolei tor sep.iiat:ng out mois¬ 
ture from ilu- air. 

1 .1111 mil .dile to spi'.ik hoiii peisonal ex- 
[leriem e of .i lanile plant of gre iti-r ea|>.ieity 
th.in .;ooa i iibic feet oJ o.x.gen pi r hour. 

This kilter jilant, howevei, absorbs about 
loO Ji.H.!'. per hour, or 53 It.II.l’. per 
1000 eiiliie feet ol oxygen |)ro<liieeil. Itolli I.iiide and (Jlaude oxygi-ri 
sepal.iloi s h.ive been iiianiilactiired ii|> 1<> a iMfiai ity of about i)00o eubic 
feel of oxygen pe-r hum. tt'ilh siieli plants the power consumed per rooo 
eiibie feet of o.xvgeii prodilivd, is about 33 II. 11 . 1 ’, 1 believe the Idnde 

(lompany have also lu.mufaeiuied larger units, for whieh they claim still 
1 iwcr con.suni|ition of iiowcr, hut the design .ind loiistruction of e%icicnl 
heat inteteliangers for l.irge oxygen |il.iiits is likely to put a limit 1» then 
si/e .111(1 1 \emuie to (1 udn wliettier .• (ilaiit with much lower eonsuinotion 
ol power than 30 1!. 11.1’. per 1000 eiiliic feet of o\\gi*n is fiossihle witli^uc 
regaid to e'-onoiny in other directions. 

Whilst on the subject ol l.irgc plain units, rcleiciice may apjiropriatcly 
lie in.idc to die well-idverlised |elTries Norton process which wc have 
icpc.itcdly liciii assured would p’lshuc oxygen .it (id. or b.-s pc.- 1000 
cubic li’ct. 



I'lti. 5.—Lilulc's ttoiiblL* 
cohttni) lype separator. 
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I'lu' process ajipivirs to In; liased on the fact that heat inlurchangc 
sliould take place helween high pressure gas'es, in order to recover power ' 
Ity espansion more effectively than is tlie cast; in existing systems, where 
heat is Iransmitted from a high to a low pressure gas. 

In h'ig. 6 I give a very free diagrammatic illustration of the process 
as 1 understand it. Air at a pressure of say 20 ulmospheies >,Miters the 
sy.stem at A and on its «ay to the rectification column 1) (which is ojierated 
at only a slightly lower pressure) it is made to pass tlirofigh two inter- 
changers, as diagrauuiiatically illustrated, in order to heat up outgoing 
nitrogen and oxygen. The former of lliese first jiasses through its inter- 
changer under full pressure. It is then split up as shown, ahoul 60 per 
cent, being heated hy suitable external means at 1) to a temperature of 
alxiul 550“ (.'. Thi' hot .nul fully compressed gas then [las.ses to a 


motoi li, which it dii\es, generating 
sufficient power, it is claimed, to work 
the wliole system, 'file remaining 40 
f.X'r cent, of nitrogen, in order to help 
in counteracting heat influx, is c\- 
])anded in the engine the exp.indctl 
gas on its way out of the system 
being again employed ,is shown to ab¬ 
stract heal from the incoming com¬ 
pressed air. 'J'hc sepaiatcd o.wgen 
leaving the rectification cohunn under 
pressure p.isses as shown, to the ex¬ 
pansion engine I’, and the expanded 
oxygen on its wav out of the .system, 
is employed to abstract heal as imii- 
cated from the incoming comjircssed 
air. 

1 have already shown that in order 
to maintain the lorrecl temperalurc 
gradient in reclific.ition columns, it 
is nccess.iry to havi- oxygen vapours 
at the bottom and nitrogen vapours 
at the top, hut when the iiressure in 
the column is neailv the same as th.it 
of the couipre.ssed air entering it, ihiMi 
the conilensalion of the lalli'r in lirpiid 
o.xygiMi .■•nmol he effected and normal 
lectilication l annot hr. set up. In order 
to gel ovei this difliculty and transfer lu’at from the top to tlie bottom of 
his column, Norton pkues a coil K in tlie liijuid oxygen hath at the 
bottom of tlie column through which an indi’pemlcnt suii])ly of oxygen, 
raised, by the conipmssor K to a pressure aliovr that prevailing in the 
column, is c.tnsetl to flow aftm- living first cooled lif the outgoing oxygen 
vapoitr in (1. 'I'he (irculating oxygen is then condenserl in the oxygen 
Ixith/.iiul afterwards expaiidtxl through the valve H to a Lem])crat!iic low 
euA'ugh to j'Oiidense* nitrogen. It is llien drawn ihrougli the coil .M to 
he reconiprcssed by the eomprv-ssor K in tlie enclosed circuit. 

file Norton process has had the advantage ol (Tovemment sup[)orl 
in the U.S.A. where a l.oge plant for the se[)aration of tieliuni from 
natural gases was erected in I’elrolia, Texas. The [ilanl was never 
sueee.ssful and I imderstand it has now been abandoned, a plant ereeted 



Fm. t. 


-Diagram of ihe jellrits 
Norton proccN's. 
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by tin; Linde Air Products (.'ompany of the U.S.A. during the war at 
]‘‘t)rt IVorlh, 'J'e\as, being employed instead. 1 have not heard of any 
Ijlorton filanl Ijeing suceess|tilly op<;rated for the production of oxygen 
and altliough the process has clever features and is refreshingly original, 
1 iitn afraid most engineers who have had experienne with very low 
temperat’irfs, will regard it as somewhat impracticable. 

'I'here ttre^rnany other makers of oxygen plants to-day, mostly of small 
size. Nearly all at\'based on the originttl l-inde apparatus (h'ig. 3) and I 
ant not aware of atiy possessing novelty in design. Only one maker that 
I know of employs the Claude expansion engine. In that case, .some of 
the air from the main <'Otnpres,sor at ;i very high ]>rossure and without 
[)rovious cooling lielow atmospheric tein]>eratiire. is sent through the e.x- 
pander and then through a heat interchanger to the centre of thi; eoliimn. 
'J’his has certain advantages in the production of li<|tiid air but I do not 
think it can be economicall)*adapled to the production of o.xvgen. It is 
apparently claimed as an advantage of the system that ordinary oil can be 
used for lubricating tlie <ylinder of ttu' expansion engine. It is, however, 
a gri;aU:r advantage of the Cl.iude system that oil need not be used at all. 

Cylinder lubricating oil is a source of trouble in liquid oxygen plants in 
two respects, (i) Traces are always liable to he carried forward and tend 
1(4 foul u]i both intcrchatiger jiiiies and the <x)lumn, thus necessitating 
periodic,d and diliicult clcaidng. (2) The other, and more serious trouble, 
is in connection with the air conijircssor cylinders. The heat generated in 
(Xieh stage of compression, in spite of very erticieiil cooling, necessitates 
the use of special high tlasli point oils and precautions to ensure that the 
flash point temperature is not exceeded. Jl has been proved, bow'cver, 
that any lubri('ating oil heated in the presence of eouqiressed air beyond its 
flash point, breaks down into sim|>lcr substances including free carbon and 
acetylene. These substances, jiarlicularly .'icetvieiie, ate liable to be carried 
forward in tlic air and lo ,icr umiilale as .solid ixirltclcs in liquid o.xygen 
baths, thus puidiicing conditions which h,tve given rise to numerous ex¬ 
plosions which have his-ii tdmost invari.dily traced lo the presence of 
aeetvlene. In our oxygen ficlorie.s, until the cause became obvious, these 
incidents were amongst the most disquieting of our e.xpcriencc, hut since 
we have got to the root of the trouble, we have gicatiy reduced the risk by 
introducing siiitahlo sategiiards on our air coiiiprcs.soiK ^Ve have also 
taken ])K'C.uilions not to store carbide or use acetylene within 100 yards of 
tmr air intake. Thus we are forced lo he very iiihospiuihle in our own 
l.ielories to :t gas whicli h.is otherwise proved a valtutble business ally. 

Hitherto I have dealt only with plants produdng a ga.seous oxygen 
produel. Lit]iiid oxygen can always he drawn from such plants hiil they 
are not the most convenient (onstriietion for the purpose. 

It is obvious that when some of the oxygen is drawn away in the licpiid 
state its value in the interchangers for abstracting heat from the incoming 
air is lost. J'his has to he coiiqicn.saled for by increased pressure. 1 litlierto 
the deintind for liquid oxygen has l>cen practually resirirlcd to rescue work 
ind aircraft uses, hut its employment for explosives, developed 1^' the 
(lernians during the war, is likely to extend and create a demand for fSj^nts 
primarily designed to produce liipiid oxygen. The^ocieite TAir l.iijuide 
recentlv supplied a plant for this piiiiiose to certain mines in Lorraine 
where ('.erimin pl.uit.s had hitherto been u.sed. It works at a iiressure of 
fio atmos]jhere.s and iirodiiciis 75 litres (>f liquid oxygen per hour for an 
expenditure of 140 H.H.T. ; less than 2 H. H. I’, iier litre. W'e are also 
mpjilying to South Africa a much smaller plant working at a higher pre.s.siire 
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whidi will jiroducf liijiiid oxygen for an evjrenditure in jHnverof 2-5 It.lJ.I’. 
per litre and will alteriulivel)’ produee gaseous oxygen. These results* 
eoinpare favouiahly with any others I liave seen, hilt 1 am ho])eful that we 
shall still further improve upon thi'in in the near future. 

The jiriee of oxygen in the liquid state must always he more than in the 
gaseous owing to the greater expenditure of power involved in its production 
and losses due to evaporation in its use. tVe sell the liquid at infrequent 
intervals and small quantities, as drawn from the oxygen' plants in our 
factories, at prices down to is. 4d. per Ih. in 1 tewar vessels of small etip,icily, 
hut to a regular and large consumer very much better terms could now he> 
offered. 

In l.oriaine, where I have seen liquid oxygen extensively used in the 
iron mines for blasting jiurposes I was told that it cost i fr. 50 per line, 
which, at the rate of exchange prevailing at that time, eonesponded toahmil 
7(1. per Hire in this eountrv. Either of the liit[ui<l oxvgen plants to which J 
have ju.st referred would Im e.isih c.qiahle ol inodueing the liquid at this 
figure. '• 

In recent tears, thanlis to impioved methods of eonstrueting metaliie 
Dewar llasks, the tr.inspoit of liqimi oxygen has Is.vonu- mu< h simplifieil. 
Jn Ibsks of 25 litres ea|)aeitvand upwards the loss due to oidinarv evapora¬ 
tion 1 am told should not exeixsl 5 per cent, in 24 hours, although in die 
mines .1 niueh larger peieeiitage is of course lost In ev.qioraiion whilst tin 
cartridges are being imprign.ited with the liquid immediateli before thi \ 
aiC used. 

.•\s regards the cost ol gasi-ous oxigen. this varies with the si/i- oi plant 
empioveil to a largei e.xteiit than 111 tin-east ol the liquid. /Vs evidenev ol 
the extent to vvhiih this (M-eurs it is only nev ess.iry to compare the cost of 
[irodueing g.i.seous o.xygen by me.ins of pre.seiil d.iy liquid aii plants of 
maximum and minimum .sizes. Kor this purpose a )ilant piodueing 500 
ellbie feet oi oxygen per hour iiuiv be taken as liu- smallest praetie.dile unit, 
and lor the other extreme J will take a lilaude pl.iiil piodueing qooo eubie 
ieet of oxigen per lioiir, for that is the largest si/e ol which 1 can speak with 
•ideipuite personal knowledge. 

.Assuming power in each ease to cost id. per li. 11 , 1 ’, (.1 .somewlial high 
figure for die larger pi.aill dien working eontiniiouslv to llieii lull eapaen\. 
with adequ.ile power, lalKiiir, nialeii.il anil a tair proportion of all die usual 
standing eharge.s, including interest on i-apilal .ind dejm-i lation, the 1 ost ol 
oxvgLii produced In tile small ]ilanl would he iqs. ami In the l.irge one 
as. Od. per 1000 ritbii feet. 

If these plants were worked inletmittentlv so as to ])roduee annu.iily 
only half of their full output, the standing eh.irges would tell grealiv in 
favour of the large [ilant. I estim.ite that the cost of oxygen would then be 
with the small plant 27s. and with the large hs. 31!. per 1000 cubic feet. 

I'hcse costs are for gas into the gasholder. In the case ol ox)geii 
taetories suppiving the gas in evlinders it is obvious that with reijuisile 
supervision, heavitr overnead eharge-, relatively sm.iH plants in operation 
and indluelualing tieniand the cost of oxygen must always he very appreei- 
tblyd'.igher ihaii in works vvheie the g.is can he llsetl direel Ironi the holder. 

' riirouglioiit iheiMl'aetoiies in this etiuntry the llritish Oxvgen (Jomjianv 
h ive now plant tapable of i«r()duemg an aggregate ol 2 million euhie feet of 
oxygen per ilav. Our present sales Ifueluate between .1 tintl 5 million eubie 
feel [>er vvetk, whifli is less than half the total capacity ol our plants. Our 
jireseiit .iverage pii- t for oxvgen in cylinders is about 38s. per 1000 eubie 
teci, aitli.iugh to m.uu l.i-ge ooiisunier- the price is suhstaiid.illv' lower. 
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i'his price I l)clie\c coni[uies fiivimralilv with that picvaiiiiij; in ntlu'C 
< ounlrics with the [Jioliiilile exception ot <!erimny, wheic in any case the 
colliipxe o( the niaik rcmlerx comparison dillicttlt. 

’ Tile secret of cheap oxyg?n is largo liijuid air units worked to tlieir full 
capacity. l!y hating inerca'cd the si/e of our liulory units since the tt.ir \tc 
are tlhle n^*' to sell ovygen hclotv our prc-w.ir prici-. The oxygen liiisincss 
has become a good Utronicter of trade. Jt has suirered seteri ly during llie 
prolonged incKlstrial depression, but the demand has been perceptibly 
increasing ivithin the l.ist two months. If this continue.s, as everybody mu.st 

bope will be the ..for it will indicate improted gineral conditions in 

trade—then it will be obvious, fiom the figures 1 h.ive given, that with an 
increased output still ftirther reductions in ihi price of oxygen in cylinders 
should become po.ssible. 

The amount of oxtgeii sold in this country tor medical purpose.s of 
(.lerv kind prob.dil) does ilol excieil i per cent. o( the total otlt))t!t in 
iilinders. .A bo lit 3 per cent, is Used for limelight and experimental pur- 
jiO;.s. .All the U'st goes ui iinhisir',. •()! tlk'industrial Uses loi eoinjuessed 
owgen the most irnportatu is now inet.d cutting. 'I'his must represent 
oMT 50 percent, of the tol.d dem.ind, and is about ei|ualh divided between 
ser.ip-cutling, 01 destructiie woik, and niueh iui|K>rlanl eonstruetiie work, 
file lattei is pi-rha|is one of the most promising outlets for owgen. W ben 
liie oxvgen eiitli r is r-mploieil in eonjunelioii wirii selt-ieeding profiling 
m.ielniies, now eoiislantb' bi ing designeil for rations classes ol work, it is 
found to oper.ite almost with the iireeision of a s,iw and with I,ir greater raiii- 
dil'. Oxy-aeet\lein wilding r.uiks next to niet.d cutting amongst the 
iiulustii.d applications of oxigeii. .Alxmt 25 per eeiu, ot the gas .sold in 
(wiinders is emplowd lor llial puv|«)se and it is becoming olivioiis that 
O'>,-aeetr leiu' weliling e.in easily hold its own in a great vatiety ol work 
against eleetrii- welding and olliei |)roi-es.ses. The rem.iimler ol the owgen 
soUl in eylimieis is iiiosth- emploveil liir Kxid biimeig ptltjioses and tor 
obtaining high tempeiatuies in .siieeial mctalluigieal oiieiations. 

In the widei field' of mdusiry where thi- use of oxrgen lias often been 
suggCsti'd, .IS for instaiK e in the enrielmient of air for blast furnaces, and 
in eonjiuu'tion witli steam, lor the continuous g.isifieation of iutd, if is 
(..mbtfiil whether the stage has \el been reached when oxygen can be pro- 
dueetl eheapb enough even in large plant units to be ceonomieally em- 
(iloyed. In (lermait) o.wgen is ii.sed in the manufacture of nitric acid and 
acetic acid, lmtolberwi.se neither in that eouiitiy nor any other, .so far as 
I am aware, has tlu* u.se <if oxvgen yet dewUiped to .iny apjireeiablc e.vlenl 
in the ehc'iiiieal industry. 

It must he admitted that industrial development throughout the world 
is still mainly eoul'meil to the cylinder tr.ide. In this eountr)', in spile of 
trade depre.ssion, the (itiiiiitity of o.xygiii distrihulixt in cylinders at the 
present tune must approach ,^00 million eiibie leet jn'r anntiin (of which 
upwarils of 225 million are stipiilied hy the Kritish (.).\)gen Comixin^). In 
Krance I believe the annual output is about the same as here, but it is 
stated to lie ihrei.' times as imtelt in the United States til Amerina and 
more than twice as much in Crernuiny. V 

.■\l the outset of this paper I expressed the inteniion of liniiting luj.sell 
to an inte'rpretation of its title which would permit me to deal e.xelusively 
w'ilh the Separation of the constitiieiUs of the air. 1 wish, however, to e.\- 
plaiti that I had not advanei-d far with my subject hetore 1 realised that I 
should have to limit my.self still further and abandon the eon.sideration of 
all eonstilueiits , xeept ow gen if J attempted any historical rev iew of the 
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industrial protluction and use of that gas. I have thercfoie eonfined myself 
to the subject on which I am best informed and have devoted this jiapcr c\-i 
clusivtiy'.to ‘axygcti. 1 offer no apology for this beiausc 1 believe that the 
industrial importance of o.\ygf'n to-day warrants indeiiendent consideratioli. 

During the war the .supply of o.xygen was described by a prominent 
member of the present l-iovcmment as a matter of paramopiit national 
importance. This was certainly no axaggemtion at tliat time and since tlie 
war the economic value of oxygen in the industrial applications ] have 
mentioned, has been recognisi'd to the full. Unfortunately e.xaggerated 
claims and statements are very apt to breed misconceptions in these (lifficuh, 
days of abnormal exclianges and keen intrTiiational competition. 1 am 
therefore grateful to this im|)ortant society for affording me an o])j)ortunitv 
of placing on recorrl what I believe to be ,i ri liable statement of the 
[ire.scnt position in the owgen iiidustrt. 
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THJv .XrANUJ'ACrURI'; OF HVDROCIA JO’ J'HJ-: 1-AR'llA], 
IJOL’JCKACJ'ION OF \\ atj;r (;as and ookf;-o\'f;n (;Ah. 

liv (Ji ')Kr,i-?> <'i„\ri>i-., fiK I'aki.', 

{'I'ranslaU'd i>\ H. Hok\>,) 

• 

I'oi .1 i!Uni])iT ul J ii.ivi* Iifcn in Uk* njtnnif.iclin'f 

;)i hviiro^iii by Ihij .iiid iliriit Iii|iif1'.irti(in of w.itt r gi;> and its 

niali)j;Lics. For tlii> purjiu-t' water fjas, eoinpii s-ed to a suitable def^reo, 
s^in the iir>l instanee depoeetl ot its earlxai (Fo\i<lt- anti is dried, Abe 
4.1S is then s<-nt into a heal e\clianj;ur Fi, F'ij;. i, in vrhieli it is <-o<)k(l 
l)y eircuUitin^ in the opposite direelion to tlie h\droi;en aiul earbon 
monoside wbieh bate alri.a<!} iK'en si'[>;jrated. ihe aas- then enters 
In tile (olleetor (' l!ie bolloni of a stieaf of lertie.il tubes F', ihe lower 
lorlion of whieh plunges into a bath of earbon nionriNule boiling under 
tniospfu rii' pressure- liy the eonibined influi'ins-s of the piassiire and 
if ihe Ic'inperatiiie of the liquid hath a large jior'.lon of the e.irbon 
lionoside of the .iseending .g.ises is liquefieil; it flows b.tek into the 
-olleetor ('. Owing to ih.- pressure this liipiid is forced out through 
he tuhe r .md the ein k H info the \a|)ori.si r V. wlu-rr- it replaces tin- 
i((uid which i.s heing r-\'ipor.ili d. i’he reiuaiiiiug gas, eontainuig hydrogen 
Old a litflt; of the residii.d t'O, I'onliiiiie-s to rise in the sheaf of tubes F’. 
I’here the gascs i ueouiiti r a temperature wbieli is being more .1111? more 
mvered by ine-uis whieli 1 sh.dl ])resentli' esplaiii. Lnder th.il intliienee 
he lest of the ('.trliim nioiioside is liiiiielied. T/uort/irii'/v, therefore, it 
s -t sensihiy pure hydrogen whieh eseapes from the top of the tuhe.s, 
uid it is this cold and eom]iies.sed livtlmgen wliii li is expanded in the 
i<y//.U: D and further cooled hy this expansion to he sent back around 
he sheaf ui ortler then- to pioduee the eerv low tempr ratures of whieh 
I have just sjioken. 

In working this process two soura-s ol Ini-omenieiiee were r xperieneed 
whieh I have only reeeiilly bei ii able to overcome. In the fitsl insl.anci-, 
when the hydrogen is entering the e.x(unston engine at extremely low 
i-mperatme as indicated, the frigorilic elKeii-iiey of the expansion will ln‘ 
lerylow. 'J’here is in that e.ise a iirogressiveKiss of liquid, unless we go u[) 
.0 pressitres unduly high fiom the point of view of energy oxpenuliture, 
iiid this all the more so lieeatise none of the euslomary lubricants ■•ail be 
-•mployed at temperatures below -- 200" ('. Hence thi-re is abnmiiiul 
Vietion in the, engine whieh will again lower Ihe frigorifie effieimiey. Jn the 
wcond iiistaiKX, the calorific ma.ss of the gases, leaving the tubes and after¬ 
wards the nozzle I) and circulating about llu- ri.siiig gases, will be smaller than 
lhat of the latter by the whole ma.ss of the e.irbon monoxide whicb had been 
iquified by their .action. As a e<)nsei[ueii<i’ Ihe ascending gas eaniiot, even 
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a'-iii:)l;y a purlrcl lu-.il (-\ilian"c to lake place, leave the .sheaf of tubes at 
tin. ti'inpeniture at -.(hii h the evpamied "Uses entered llie tubes. The linal 
It iiip''l.lll!re ol the e\|Viiisio!i of tin- luiho^etl a'iH, therefore, not be very low, 
and ii) addition this ieuiper.tture will be baillv ulilised for the iturifieatioii 
of tiie U'l e.'diii^ a-''' s. 



t. 


Tinj-tC various iroifulo liaw luun ovorcomo in lia- tollowinj; niannor:— 
I. Fart of the i:ompres.sid },'us which is entering the .sv.steiii is with¬ 
drawn from the heat exchanger Iv at a point M, h'ig. a, before it arrives 
in thv. cold portion; it is thu.s rclativily little cooled. Jt is sent tlirough 
the tube t into an auxiiiart .system of tubes (i around which the hydrogen, 
leaving the bundU and passing on to the no/./.le, is being circulated by 
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iiiul vvliicli cai) nif)rt'<)Vi;r 1 k‘ :i(Wcc 1 lo ihc liydro^cii, bidoru its expansion, 
without (’.jusing any coniplifaiion, at least in cases wlien we are aitning at 
the synthesis of anim;)nia. A eurrenl of coniiiresseil and drietl nitrogen is 
cooled down to al)out its condiaisalion poin*l in the heat-e\ehanger K b<’ 
means of the lube system W ; it is then atlded to the hydrogen at Z, before 
the h)drogen enters into the no//de. Jn this way then we sepnje accept¬ 
able conditions lor tile lubrication. .-Vs a lirsl conseipience the temperature 
of the cse-iping gas is e.isily lowered down lo - ’OtS' anti’- 2lo"('., as 
soon its we lubricate In me.tns of nitrogen. .As .1 second conseipienct; this 
•uldition of nitrogen to tin; gases leaving the udnilar system increases, to 
any extent that we desiie, the c.dorilic mass of the ex|xinde(l gas. 'I'he 
latter gas may therefore ei|ual or surp.ihs in mass that of the gas ascending 
in the sheal 1', including the carlion monoxide whieh has been condensetl 
in this part of the tnlxs. As .i result the temperature of expansion is con¬ 
siderably im[)roved, and it is moretner much In/ter utilised. \\'e can indeed 
easily eliminate by these means the eaibon monoxidi- within i percent., 
and till' Hydrogen finally isolated can without ain dilTicultt be used in nn 
hvpcrcomprfssinn [iroi'ess lor the sjnthesis of .inmionia. 

This process has been deielojied ,iiiil pul into [irai'tii e in the works 
of the (frande I’aroisse, near Montereau, where an ap[),ir.itus for llm pio- 
duclion of 500 m' ol hydrogen |H-r hour is in operation, lei'ding a imil tor 
5 tons of ammonia |>er day. The cxirbon monoxide, cont,lining all the 
nitrogen of the water gas it .should he noted, is diseharged at a pereeiitage 
whieh mat e.isily he raised to Ss. ’J'hi- amoiml ot pure Indrogeii obtained 
by this method is ihiiefore very satisl.ietor). The earhon monoxid,- m.iy 
he utilised, either for the manufaetun- of xaiious chemical produels, or foi 
driving the internal combustion motors ul the inst.dlatieii. The latter 
utilisation has liei ii .tdopti d in .Montereau. 

The process whieh I ha\e outlined inpiiivs the iimipression of tin 
gases to degrei'S, v.indng with the size of the app.n.ilus from 15 to 30 
atmospheres 'J'he first figure applies to apparatus of a eap.ieit\ of acoc. 

of hydrogen jier hour. This proee.ss neeessitates the command ol .1 
relatively high motive power, and one m.ly ilraw attention to the advantages 
offered hy prtxesses based upon the c.itaivsis of CO into C(K, siieh as an' 
employed in tlie Halier process. 1 have therefore oiilv stiiilied and tried 
this process with a view ol its ultimate applu-alion to a ptrtieiilaily interesting 
c;ise, that of the (okf-men furnnees (and abo that of town gas) in whiiii the 
presence of a ronsideralile portion of metliaiR lenders eat.dvlii pioces-es 
inoperative. The rom|ilesity of thi- gas mixlures wi; have to deal with 
in this ixuse ;md the diversity ol the freezing points of the eonsiilueiit-, 
may make us fear that we should have lo meet serious tlilheulties in the 
working ol this process. As a matter of fact, however, an apparatus 
has already been I'onstuieted for this pin pose and it li.'is, after very 
short trials, been jiut sueeessfully to service in the Rihlnine mines. The 
essential c.tuse of the .siieeess is the v<-ry high reeiproeal solubility of ihi’ 
diverse‘eondensahlc constitiieiit.s. This first appaiatiis has a ptoduetive 
capacity of 350 nr of hydrogen per hour, and it is operating with a eom- 
pressi^i of about 27 aiinosphere.s. .\n installation for the utili.sation of the 
iiydr« 5 gen produced by q’eaiisofthisiii)])aratus in the mamifaciure of ammonia 
hy the applietirion of hy|x re' mpression has already liei'n ereeted and is 
actually being put in working order. 1 hope that this iiistallatiuii will he the 
point of dep.arlure for a niucli moix iiiijiortanl in.stallation in wivie.h 1 intend 
to make use of a|)ixir.'itit-' lor the prodiielion of 2000 nv' of hydrogen per 
hour. 
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One of the essential reasons that make me eoiint upon a developnii'iil 
oi this process in the eoke-oven industry’ lies in the many indirect ad¬ 
vantages wliicli tile process promises. 

* On tile one hand, since tne gases to he treatetl must aln-ady be eom- 
jiressed for the extraction of the hydrogen, we are naturally k d to efleet the 
strijiping jjtthe gas of its benzol likewise under itressiirc. All the benzol 
which at present escapes when the process is carried out at atmospheric 
pressures, will* then easih he retained : that will constitute a gain ivhii h in 
certain cases may come up to 1 kilogram of benzol per ton of coke. 'I'his 
improved recovery will moreover he attaineil by riu-ans of a greatly reduced 
amount of solvent and of heat energy, and at much diminished los.ses of 
solvent. I he recovery will be etTected in ah-.or[)tion and distillation ap- 
fiaratus of eomjKiratively very small iliiiiensions. On tlie other hand the 
ethylene, this pn-cious gas, tile percentage of which in furnaie ga.ses is too 
low for its extraction with miKth .success at atmo,spheric pressure, rnav easih' he 
('ollectcd to .1 large evtenl in the cour.si* ol the oper.itions. I'or it will he eon- 
ileuseil almost .dons' in the jiivjiminary '■oki-i-seh.ings'r ot the apparatus, and 
it can he e.xtr.ieled as a 40 or 50 per cent, mixture which will very readily 
he utilisahk', either for the manufaetiire of alcohol or for use in autogeneous 
Welding or similar uses. Jo give .m ide.i of the pu.s.sihlc importance 
id this hy-prodtii't 1 may slate that, sup|)osing the furnaee-gas treated to 
eontain t "5 [h i cent, of etiiyleni- and thai it can all he extracted, this would 
eoricsjiond to our obtaining 200 litres of alcohol [ler ton of ammonia in 
addition to other products. 

I'inally I should lemark ihat from tin (.ilorifie standpoint hydrogen 
must be ri'gariled as the very worst of .dl eomhustible gases. One cubic 
metre ol hidrogen re])resents only about 2600 calories (low'cr calorific 
[lower) against the 3000 calories of earlKm monoxide and the 10,000 ol 
iiietliaiu. When theiefore we e.xtrast the iudrogeii from eoke-oven gases 
we, in fact, enrich the gasi-s in a true .ssn-.e, .ind it is a considerable en- 
rieliment which they undergo, since tiny lii-eome fit lor uses for wliieh 
tlu v would otherwise he. unsiiitahle. When the gas is to he distributed 
it will he < om|iletely live of eiery Iraie ot llu- eondeiisalile im|iurities that 
c.iuse so iiiui h iniseliief in our actual gas dislrihulion systems; when it is 
lo he utilised as industrial gas, it will en.ihle us to obtain extremely liigli 
leiiiperalures and to eombine, tor instance, under specially interesting 
1 (mdition.s, the [inuluelion of nitric oxide hv the Ilausser process with the 
synthesis of ammonia. 

'I’liese are the [irineipal adiantage.-. of tile process which I have ihe 
honour to de.scrilie before you. I should like to emph.isi.se that one of the 
charactciistie essential fixtures of the jiroee.ss is the extreme smallness of 
the necessary ajiparatiis. .An ap[iaralus for looa ui“ of hydrogen [ler 
hour requires a shea! of liquefaction uihes, 40 cm. in diameter and 3 111. 
ill height. 
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Hcsciiplion of laboratory plant. 

Liquid ox\ (^en plant with expaiU'ioii ..n^mc. 

Ptirlable Claude type oxyKt’U plant. 

I’.NK'I 1 . SIOK.VI'.I. .\ 2 s'l> 'I'k r dl- Lidl I|i ()^v<;l■^. 

Iiilriiilui Hon. 

'llu- ntmospluTi' In no ulU-nuatcd ;it tht- altitiifli-s al whicli (lyiiio 
imM he carried out for eetlain mililar\ imrpo'es that the hiiinaii luitfts 
iiie unahle to olrtaiii the leriuiMte amount ol o\yp;en for noriiial rcNpira- 
tioil. 'I'he (luantily of OMgcii altsorhcil per minute is aliout 3 to 4 
litres out of .1 total volume of 60 litri-s of air measured at normal 
temperaturi; and |)reNsure. 'J'lic weight of air pasNed llirotifth the luitjts 
at 20,000 feet In reduecd to lialf and tlieiefore iieetR to he considerahly 
eliriclv:d tn osygi-n. Oxytren appiratiis miiNt .supply about 4 normal 
litretf^of gas at these JieightN for eomlort and salety. The oxygen in 
the early days Wits earned in eylinders under prissure, hut the weight of 
such eylinders' is eonsiderafile, and ;i reduring valve is uRo re(|uired. 

If liquid oxygen is .substituted for high pressure gas the litpiified 

^ Sice Ixipon of (lU.^ Cylinders Coniinittcc, 
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g^s is (;i|uivali'nl to comitrcssofl gas at 12,000 llis. jjer sq. iiii li as against 
>lhe t.Soo 1!)S. whioli is tlic highest pressure that can tie convenientlv 
used in cj’linders. 

* The fundamental diflictm) attendant upon the use of any liquified 
gas whost; eritietd temperature; is much Ik*1c>u normal iilniosplrcric temper- 
jiture, is Un* maitttenanee of the conlttining vesstd cold enough to store 
the li<iuid during transport and use. 'Jliermal leakage must ustially 
he iwid for By evaporation of the liquid, and the evolved gas caimni, 
in general, he utilised. 'I'he emplotmenl of the li(|tiid gases may 
■therefoie hceome \'ery inefficient, unliess due care is taken in selecting 
a proper container. 

in dealing with liquid oxygen, tor ex.iniple, a temperature of — iS ’,'" 
C. must he niaintaiiied and as the latent heat of oxygen is only aho’ut 
50 gram-calories a litre will !«■ evaporated for every 72 calories of heat 
that leaks in. 'J’his (juantil* of heat is roughly e.iuivalent to the eon- 
(hu'tion into llu* ra.-ssei fw 1 cm. length of eojijK’r wire o’ooq sfg (uns. 
in . area in one minute for ;i leiiqwratiire dilli-ri'iiee of ahout 200" C. 
between its ends. The he.u lequired to r.iise the gas from Us boilin ' 
point to the temperature at the exit tiom the iieek is not itsu.dly obtained 
from the s])herieal jiortion of the vessel, hiit this heat alisorplion influenfx’s 
t^e eunduetion along llu' neck onh. 

I'or the high older ol in.sul.ituiri neiessjii in the .storage of liquid 
air and o.xygen, two el.isst's/if eontaineis have been used; firstlv, \'es.sels 
instil.ited witli laters of material ot low eunductix ilv, secondly, douhle- 
w.illed cont.niu'i's cvacu.Ucd to proxidt a xacuuin sp,iei‘ ,1 round* the inni*r 

\ CSSL'l. 


hr) Contiu/iifs of /miv 'I'lioivuif Vondtiithuty, 

for ordinary si/e xesst’h; the use ot tiu' first !iie,horl is piacticaliy 
out o( the qiie.stloii since the ni.iteri.ds available i’ave for the thermal 
eondticti\ity at low temper.iturc a value not appnx-iahly different from 
that at room temperature, .in<l the he.u eondticlion thiough a moderate 
thickness is usually \cry (ousKii'udile, I'or inst.incc, an cxjierimental 
V'.'ssel was made holding do Ihs. ol iiquiil oxygen with a thickness o) ;; 
inches ot niagni'sia ; this \esscl ev.qioraled the content. in one day. 

The rohiist nalnie of ihi.s type ol vessel wouli' make it .idmirahle 
for trail-port, hut it is also open to several olijectioiis, nanieU :— 

1. ]t is very ditfieult to tiKiint.im the insulation dry, in view of the 
unavoidalile etinden.sation ol dew over the exii-rior smi.tee, and a st.Ue' 
of diyness is vital to tlie I'flicienev ol the’ insulation. 

2. J'he xessels are bulky .ind heavy. 

,7. rite'V evaporate a very considii'.ihle amount of liquid in ih'- 
eooling down of the iiisukuion. 

In the case of vessels in coti.st.ini use for storage jiuqioses, the Lis; 
objection would hardly apply. 

Itisulalctl vessel.s, ri'semhlmg “Thermos" lla ks. are made eommereially 
for household ii.se. They have welded steel inner ami outer sluTlls with 
the interspace packed with a lorm of natural graphite-, and ,varli;iliy 
evaeuated. Stieli ve'ssi’ls are of hut little use’ .is liipiid air coiKuincr.s, 
since the rale: ol loss is of the' orde r ol .^.|o grams ^le i hour for a q? litre 
capacity Ve-ssel, and slighlh less leir a 2 lilic eapaeity vi’sse 1. 

This rate implies total ev.qsiralion ol the litpiid in about 1(1 lumr.s. 

It may he remarked that the- high rate is |i.utly due' to the shnit iie'ck 
and its large diameter. 

[fi) ItiCHinn JiisiiiiThii Co/i/iiimrs. — file: .tlte-rnalive l\pe ol vessel to 
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Of cDunic a vessel will often show a rale many times this \alue aiui 
tlu*n re-evacuation produces a eiin^icierahk: iniprovcincnt. 

(iluss vessels with a c;t^jacitv of 5 litres (oni: gallon) have he(n\ 
iflade, but their fragility remter." them of little ii\e outside the laboratory. 
In any <’as<‘ it is riecessarv to syphon the lirpiid out of the large sized 
yessels uj^^he stress on tlie peck« liceomes excessixe when an attempt 
is made to pour out the liquid. 

lairge vessVIs are veiy dillieult l<» const) lu I. 

.I'.fforts havi' i)eeM <Iit*ected towards ilu; de\cl*)pment of porcelain 
\a< uum vessels of large si/e, since e\]K*rin>ent indicated that this material 
was suitable for the j)urpos«_‘. Howexei, the (juantit) ]>ri>duction of 
such M'ssels has not been pr<><\edcd with, as thi* meUd flanks shtiw many 
a<l\an!agcs. 

In (iermanx ponaliin yessel*' weie nianufactured of large si/e and 
ij-ed tor the transport of liqjid (»\Agen, !>ut the manufactured noxv seems 
to luxe been abandoneil. 

. {//) AT fill Cofiftii/it'rs. —Met.d vniiuim vessels arc now ronstruetud 
lommeiciallx in various si/es, the usual form is shown in Kig. 1. The 
inner and outer shells an- mayle up 01 hemispherical spinnings soldered 
together along circumleicnlial scaiiis. These seams are marked s in 
Hg. J, aJul are mad*- In' the U'-i* ot a blow-pi|H', each joint being pre- 


j-u.. 



, Inntr 

Outer vf 5S«t 




Aici Wd')»«r 
wijlh hole iiictnlrie 


2 .' - 1 wo niLtluKls ofsuppoittng innrr vetM-I concentrsc with outer vessel. 


■.Hju^ly tinned, ''.'rn i-i iuhv-'-.iia in the um.- of fill'. ;is spirits tire apt 
to pt-ni lrak- into thn inner sjiaii-and thill tin; poli.sli. t\i‘n ro.sin leaves a 
decided atmosphere in the flask. I'he hottom of the inner neck is 
Hared out to eariv the tveipitt .nitl also well stildered as it is here that 
fracture peticralh' occurs, '['he tup ot the neck is linished with a brass 
t ollai which is grooved tti receive the soidci whieh is well melted in. 

'[’lie inner neek is t!ie onl\ nielallie eimtact helueeii the two ve.ssels 
and its cunduetivily is therefore important : for this reason llie material 
should he as tliin ,is possible and about ) c-m. in diameter. 

In pi;ictiee tubing less than alioiit 20 .‘s.W.tl. is dilhcult to obtain, 
tile metal is inelined to develop flaws in inanufaetuie. 

Ill laipe ves.sels some additional suppoil ''s desimitlc for the inner 
vessel espeeially to prevent the inner ve.ssel swinging about and breaking 
the neek. This ma\’ he prevented by a number of small iisheslos.hloeks 
around the eireumh'retieo, or an\ otliev insulator may he used •tvhich 
is capable of withstanding heating to about joo'if.'. during evaeifotion 
without decomposition. 

An alternative methoil is aKo .shown m Fig. 2, where the inner 
ve.s>el is provided with a projecting i>in which lits into .a hole in a 
mica washer held in a tube fixed to the outer vessel. ’Ihi.-: method 
has been found very satislaiaory in practice. 
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Ahsarh-H/ Mit/fritil fur Kcmot'ins^ liesidua! Gasca. 

All commercial vacimin visscls now in u^e have a iiuanlity of ali- 
sorhenl material in the vaciium h|uce whic.i clears up thr; residual “cs 
when cooled down by the filling of the tessel. Metal vessels can be 
made without an altsorlient,* proviiled they ari’ heated to at least 300 
( 1 . to free the walls from gas. Unfortunately the seams will 'not .stand 
this heating unless hard soldeied or welded, and the high tem|)erature 
rraiuired for either of thi'se processes dulls the polish on the walls and 
ihtis causes excessive radiation of heat. .A vi-r)' mtu'h lowaa' di'gree of 
evacuation is reipiired for a vessel containing an absorlHatt and in fart 
a J-'lettss pum[) in giaid condition and dry will serve (or evtieuation. 

fa) ChtircMl. — I'he U’st ahsorK'iit, .leeording to Dewar,-is charcoal 
made from shells or fiiiit stones, but almost aiiv variett can be used ; e\en 
coal absorbs a considerable amount ot gas, 'J'he ijuanlit) ol good 
charcoal leipiiri-d is wry small and .) grams for a volume of too e.e. 
interspace is ample. 

The inllaminability of rharco.d is a matter lor serious i oiisidcration 
in warlare and its usi- should Im' jivoided. Non-inllarnmable substances 
such as silica gel serve the same purpose. 

fe) Si/icij iji'l, — I his substtinee is well known as an absorivent and 
I'rolessor llemy Hrigg.s, on behalf ol the tivvgen Kescarch Committic 
(Department of .Scientific and Industrial Ke.se.irch), has made a thorough 
inve.stigation of its jtropeities. especially with leg.inl to low icmpcratuie 
applications in xueuimt \e.s.sels. .Silica gel h.is onlv about hall the ah- 
sorbiiig power of the best eliareoal and it is al.so of lower deiisitv so th;il, 
when it is used in vessels eonstriu ted tor eliaieoal. greater eare is neces¬ 
sary in evacuation to ensure that tin pressure is low 1 iiough not to le.ivi 
too much air to In jbsorl«-d.'’ 


J'ri'mHtious t.t he Ohiinn'd m K.\/i nis/iH'^ the /ntcr^f'ace. 

In chan’oal alisorbent vessels the ev.i< nation is iisuallv of vjuile ,i low 
order, .and several vessels have been limnd to h.ive as imieb as 1 mm. of 
mereury gas pre.ssnre in the vaeuuni spaei- at ordinarv temperatures ,uid 
have yet remained .servieeahle. The ehii-f objection to this high pressure i.- 
the prolonged interval reijuired liv the eliareoal to ahsorh .dl the ;dr when 
the ve.ssel is filled. This iiuiv lake as long as hall .in horn. 

In evaeuiting vessels hv .uiv method a fundamental |»)int is heating 
the eliareoal to redness imniedialelv liefoii inserting into the vessel, and 
also heating the entite wsscl to as high a lemjieratllie as the sc.mis will 
stand, which is usually about 100 (1., and maintaining .11 this temperature 
until tiu vacuum ee.ises to l.dl off when the pump is sto]i|K'd inr a lew 
moment.'. 

Thg chief oliieel of this heating is to remove moisture. 


AV/c «/ /.e.it Irom CoinmfreUil 

'I'he r.tte of evaporalii n ol li<|uid owgen Inan gooil eommereial vessels 
is of the following oider of l■■agnmld<■: - 


.e.inictl. iti' I*h\, ii,is, 1 1'ro,tritht^s lit /If RfH'nl ion, itjuri, 

/‘ns. R. hvliiiburgli. uiau-i. 
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Tiu- above values are a\ eraj^es relalin;; to a large luiniher of both (aevinan 
and JCngli.sii vessels that Itave been sludieil by the writer. A good glass 
vessel )> therefore nearl\ Uvi<'e as efiif-ient as a niet.d vessel, but the average 
vessel, e^peeiilllY su<’li as used for hoii'.e*i.>ld fuirposex is quite the reverse. 

St'piiriiii<ni of ihi’ 'i^lhrma' Iioto it'i Cohipomnfs, 

The Mnnecs in a im lal r;in b* ch\ided into liirec classes, 

i, (omlLK'Lii)!! down ilu- lu- k tulw.', n, ga-'‘•oraluelion ;i<:r»>ss the interspace, 
afid iii, radiation bet\vei.n tin two walls. 

I he ])ercentagr r.Ue i'. rate r>t Ionn rairulaled for a full vcsm*! ; the 
)Kreentag(‘ caleiilated ^jn the aeiiial c-onleiits in(*r«*asts miifomily as the 
fi-ssri ^-uiplies sini'c the latf’ o( e\.4»or.‘tiop, tloe-. not fall off as the V(iiunu* 
ot liMuid de(’reases. 

(/?) Cofhiartioii iio'oo ///, .VeX*. -'I'nr' inagnitiKie of Ilu* lieat leakage 
uiUj iht* flask b\ eoTidut'tion along »Ju net k tlepeiuls upon the length of the 
!ieek. ii-- ( ross->eriio2ial aiea, and the tin nnal < tHiduetiv iiv /)f tlie material. 
.M.inganm with ti)f jov\ I'letiual rondiuii\it\ t)l 0*0.”^:; ('.(h.S. units is .1 
•actable inalcn.d 1<ii ilu « onstiiieti«»n ol the mi*k, but thin-walUd tubes «)f 
du'^ niakn.d .ire tlifticuU to obt.dn. *1 he m-aiest approai’h to ntang.iuin is 
ih-nuan siht-r \vhn.li is <-\iea'vi\el'v u-ed in llernuiny lor tlu* purpose, but il 
Is (titfn uh 10 obi.un lubes in this coiintn. 'I'lu- only allov readilv obtuin- 
,ible Is jt^nper niek< } tta un.m sihei without /inc). 'This is of disfinc-tiv 
lughcT coMihu li\!l\ anl is uionovi-i I:.sole the dev'elojunent t>l flaws in 
uianufacturr. 1 f»j f*‘avti«al i<*niu-<*ted wit!i filling it is midesirnble 

{<» u-a‘lulic M.t.iiiv I tiiau 1 < u. bo-eaiul tht \ should p'ef-Tnbly be j .-1 eiiu:. 
rile t!ri< knes-. <»{ w.,il :s gem lalh ilie tailer of o'N to i iiuu. so that tlio 
area of inefa! is .ihout to .>5 s.*. luni. 

Some\ears ago it was pointed om In Swan in coniircuon with Uigiunlt's 
woik on the speeilic iieil <>( ga's's ihal tlu- <«>n<luetum of fu'a! along a tube, 
is innuenceii b^ the flow o! ga- ni the tube, and tiiat this is a facKir to be 
» onsidere<l m e.ih'ulatuig liea! K akage li.is aKf’ bet n poinletl out by IhofeSsor 
Itriggs. Jt Is not iliertfore ‘•uOa-iem to .isMime dial the two end tempera¬ 
tures detennine liie iherm.d iransfei, liui the aeMial gr.idicnt at the junction 
of the neck with the innei vis^ol must lx* I'onsideied. 

The ti*mperaliire distribution along (he neck of alias!* containing liquid 
oxygen is shown in I*ig. ,v It H*inark*.*jl thai die gas-tcin^icratuie 

ilistribulion has aheady lieen published, 'ine ti-mperalures shown arg actual 
neck Icuipcratuics obtained In nuMiis of a fmt' iherniocoujile in ponlacl 
with the metal wall and Jiol tlu* disirilnuion of tenyxrature along ifivt gas 
stream. The iCAik’. generated by die copper-constantan llierinocouple 
w.is measured by a poteinionieiiT and tlx* neeessary preeaulions taken. 
The ujiper curve refers to .in aUc»y lube and (he lower to a b»ass lube ol 

’• The evaporarion Jiom I’lc Oiie Hire si/e is tiruhily high, bnl very few of thc.se have 
been made and no d<u!!)t they are i apable of considerable iniprovernem. 
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fairly liijjh conchu'tivily sclecUid for conlrast. 'I’hc flow was about 
thrci;-(iuarti-rs of a litre in each e^ise. in all the flasks teslcrl a y;ra(lifnl of 
temperature was evident at llu' bottom of tlie nee'e. 

(/') Conduction Htsidual (las .—The soeond factor in the 

el’tieieney of the vessel, gas eonduetion, depends on the nature of the 
n'sidual gas, the pressure and the area ol the vesse l. 'I'he gu4. present is 
mostly air with prob.d)K w,Uer \apour and I'.tdrogen in small (piantities. 
No direct detcrmin.ition of the pressure appear to have been published, hut 
Dewar and Hriggs have investigated the pressure indirectly by submitting a 
flask to various extermd temperatures and ealeulating the losses from as¬ 
sumptions based tipon the fact that the 

total loss - IT) + -- l b) v/* 1 + -I" 

+ eonst.int loss tor nock, 

wheie T, .uid T., rre tin u mper.oure ol the inner and outei walls. 



r,'‘,,yrr<i^rs C- 
I-w,. 3. 


IS 


8 


B 
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Curves .slinwing tlistrilnition of Icmpcr.Uure along inner tulir of neek. Top curve 
atlov, liolloni Class. 

The temperature gradient dr|rcnds upon tile rate of llcw of the gas out through 
the neck. 


'Pile litsl term refers to r.idiation transfer, the second to tondiietion. 
for a mct.il flask Briggs found that the eonduetion was approvinialely 
oipial to the nei k lossal room temper.ilure, and each ctinslituted 25 per cent, 
of the total. 'Phesc experiments were larried out wil'i^n at rare on flasks 
wliii'h are [troltably specially eonslrueted ;ind well evaeiialed, for the writer 
ha- fou.id that the nnih.od when applied to eommeieial vessels pa.ssing 
tlirotlel. a cycle of temperatures eh.inges gave the result shown in h'ig. 4. 
In tills ease g.ts is cvrilontiy evolved from the walls even at moderate 
tent])! ratine elevations, and ailhoiigli the Il.tsk may have been bealeil ilunng 
ev,» uation (the picsSinv is, of eourse, nnieb lower when liipiid o.xygeii is 
present In the tlasl; than dining evaeiuitiim [leriod), I’le evaporation rate 
does not coni[ilete!y ree'ner and eturn to its normal value for a consider¬ 
able tuiii. ffi nee the evolved gas is not readily .ibsorbed by t'le charcoal; 





I'OR USE ON AlRCRAl'T 




llii- f'iih may be hydrogen in wliich Ciisi; the value of the eondticti\ ily would 
lx.- appreciably difTerenl from that of air. 

The above method shoult^thercforc be applied with some caution e\ccpt 
it) the aise of glass ^e.ssels. 

((■) Hiiiliatian Transfer iv/ti'<:c» the Watts .—The factor of greatest 
importan(;(i is tlie radiation transler. 'I'he heat transfeneri h> this mettns 
depends upon the emissivily of the walls and the fourth power of the 
ahsolute tempcralitres. 'J'he seleetioti of the best reflecting surfata; for a 
long wave-length radiation at low temperature is still a matter for re.scarch 
as \acuum fla-.k tests are of limited help in view of the man) variables 
invoked. Coiiper, gilding metal (a brass alloy), nickel and .siker plating 
give much the s;tme results within the limits of the order of accuracy of 
the experiments. Iron ajipe.irs to he inferior, lor it is difficult to obtain 
a higli |)oIish on it. The degree of polisli of the walls is of considerable 
imiiortance. • 

It is |>rohable that little ini|>rovi-ment is |iossihle in the efficiency of 
the best metals without radical changes in riesign. 

(//) I ’se of a ttaitia/ian •S'/’/i /i/. — One promising line of investigation to 



'J\ inpur.itutc of ouirr ^vall in depicts C. 

I'ic. —i-.Jictt (if a cyulc of uniptiatuie on the rate of a Hask. 

loMov Nvould ])L* L(» ( t a ictliuiion in the rmliaiiun irsinslor by tlu* list- 

of ratiiatinn ‘sliit-kK. 'J'In* « h.-nn c'' of iniprovcincnl aiv j^rcatust hero as 
Ibis is at present U ’^ponsibK* for the lari^est lo.sv 

It ean {>e shown ih a the « He' t of relk-etinj^ MirLnvs is t<» rcdiict'the 

r.ulir.tioii hv * wbi'ie )t is the niimliei ol the intermetliale surfaces, 
'//•hi 

Li'1'vumin'j that l!u\\ touch neitlier wall. I he writ*‘i lias constuii'led one 
vessel nail a railiation shicUl as slutnn in h'ij;. 5. 1 he intormctliate wall 

is supporU'd from the neck h> a fliin sRtl tul)c nhicli issloltctl to diminish 
the cross-scclional artM, hut ntiich \ci prtividcs a still support. This vessel 
!ia-> boon used lor tntnsport purposes foralMUil i wo ycais, and tlu‘efficiency 
is ahnut 15 per cent, heller than a \cssel ot tlu* same si/c niiii iwo^walls. 

Methods oj (Uneriitui^ Ca^ from the / h/tiid as f)esired. 

When liquid o\>peM is used as a suhsiitule for compressed j;as the 
litjuiil iiiusi Ix' evaporated ai a di'linilc and slc.idy rate to suit tnc require¬ 
ments of the airman. 

{it) Ifevtandfi Vaporiser.- - iiiciIuhI dexised In- lleylandl is shown 
diaj>ramuiaHcaIl> in 0. 
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Tlie liquid is rarried in a vacimni \cssel and cjccled by ihc jjre.ssurt: 
due in its natural evajinralion and llic stream passes up the neck through 
a smalt tube into a flask boiler where it is inaporated. 'J’hc gas passes 
through a trap to catch any drops of liquid and thence through coils of 
cop[)er pipe to the control valve which is graduated two, three, or five 
litres of gas per minute. 

Till' pressure above the liquid in the container is shown by a small 
|trcssure gauge and regulated by a relief valve. The di'livery of oxygen for 



I'lc, i. 


Mctai vjiciumi 'lU'.d will) - 

radiatio!! shield. 

This shield is carried lron» u tiihr 
attached to top of neck. 1'he tube is ’’ d . 

s!ott«l a>vay to reduce lieat conduction 
alun^ it, 

any given selling of the valve depends upon several lactori and varies from 
time to time lor the same pressure reading. * 

(/') Griljilhi \’ttpiirhcr. --\'\\{: writer has also designed an alternative 
lorm \a|ioriser as shown in Fig. 7, the .-iciion of which depends ujxin 
ihe v.irying metallic conl.ict hi'lweeii the walks 01 the vessel. A copjver 
(ud is carried by a flenible diaplir.igm on lln' outer wall anti adju.sted into 
contact with the iniici vessel hv a sirevv. '1‘hc evaporation can then he 
controlled with ai curacy. 

Jl is important that the diaphragm shonkl he a gooil contluctor such 
as silvir nr co[>pcv. 'File advai'uigc of this lorm of vajioriser arises from 
tile fact tii.n the ves.sel may be non-spillable by .ibsorliing the liquid into 
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aslicstos or similar malL-rial. A <iiiaiilitv of -wK, , , 

of . 1,0 .ois,.. ,.r „,o ° 

I’AKT II. I’ROl.I CTK.K nf LiqvH) OxVf:l-.N. 

rr 'r '" “'■''‘■■i 

The only plant.s av.ailabie ^or eVneZen^ '>)• the welding industr>. 
form shown in I'ig. ,S. ^ miils of ihc 
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C TuIh* contatiiin^: chaic lal. 

B C\>ppcr paJ. 

D Corru^.i efi diaphrajjm ofsTivti. 
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running at not more than 250 revolutions per minute, hut chain, {tear, or 
belt drive is troublesome on small compressors, since they are not generally ' 
provided with sufficently large flywheels. f 

The method of constructing the interrrhanger is open to improvcmeiit 
as caustic, if tarried over, permanently cliokes the tubes tint! the output 
suffers accordingly. ~ 



It is well known that the jonlL-lToiiiMin effect cmplovcii liy Linde gives 
a cooling cllect of the orilei of a tiuarter of a degree jicr atmosplieie, 
whereas tile Claude .system of making the air do estenial woik gives a cool- 
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wlicii; 'J'li = initi;il temperature 

Tj = final temperature 
l’,i = pjessure (atmos.) 

1’) — preisure Ix'fore exjransion. 

Ihis l^cls to llie eoncliision that the eooling eficet isnboiil three times 
as great with the (.‘Xitatision engine; trut in practice the expansion engine 
heeomes verji Irniihk some near the Jiipiefaetion point and the Joule- 
J hornson efiei't increases so that a eoniliination of the two methods is 
usually employed. Ihere is, however, very little difference in the perform¬ 
ance in small plants with or without an expansion engine, but the out¬ 
standing feature which can he utilised is the fact that ;in expansion 
engine plant ean he designetl for about .(o to 50 .itmosjiheres pressure at 
till- compressor. 

Lhimd Oxvj^en I'hint wit/i lix/vimiau 

. J o illustrate the general sehenn* of an i'\p.uision engine plant, one 
huilt hy the f.ii|tiid Aii and Re.seue Svndieate will he tleserihed as it is 
till' simiilest, tihhough it uses high eompression. Air is drawn by the eom- 
pressor, Fig. 0, throtigh the seruhher in order to remove as much as pos¬ 
sible ol the earhun dioxiile. The air enters the lower at the bottom. 
The absorbing agent (12 jier cent. eaiistH- soda solution) on the other h;ind 
flows irom the lop to the bottom through .steel turnings and .so meets tlie 
air .tnd tihsorhs the (..’(h. This jrarilier requires the eireulation of llu- 
■ilkali by ;i pump whieli draws tin. liiguid from the l«>tlom and deliteis 
it .It the lop. J'he air freed from ('fT is dr.iwn into the four stage eom- 
prt ssor and eomyiiessiil to :d)out 200 aimosjiheres {.^000 lbs. sq. inch). 
Iklween laeh stage is ,in intercooler. 'The air from the eonipressor (Xisses 
tlirough a water ,ind oil s- jKiratoi to the high pr-ssure drying bottle, 
lieloie entering ilte drying hottU- the air jxisses thiough coils which are 
siirioundcd In the cold .lir le.iving the liqueficr .uid part of the water 
v.qx.itr is l ondeiised. t he remaining moLsture is removed by the dr) ing 
bottle. 

The dry ail passes to the liquelxing plant wliieh ts iisists of a liijuelier 
and an expansion engine. Part of the air pa.sses through air-eoeled 
c oils O'., the outside of the liqueficr and then - iileis tlw cylinder 
ol the ex|unsion engine in which it is expanded do«n to a low |)re.ssure, 
tliiis becoming cooled. This cold air passes through the .separator and 
tlieii enters tlie liqueficr near tite hollom hr the pipe ami rises through 
the he.it I'.terelianger. Jn Ihis iiiterehanger are many small pipes 
through which the other p.ut of the eomi>res.sed air iwsses downwards and 
gives u[> heat to the rising air front the c\|>ansion engine until this air 
(inallv I'v..cites tlie exfiaiision v.dve, evild hut .it high pressure. J'lie air is 
expanded through the expansion valve to .ilsmt atmosiiheric pres.siire and 
is thus further cooled. The cold air mixes with the exp,msion ongiii'- 
exhaust and helps to cool still lui'thei the ineomiug high iiressuie Sir. 

liy this means the air le.iehes the ex|Kinsion valve at a conlvjiuously 
reduecil temperature until [tart of it is liquefied on expansion. 'I'hy liipiid 
formed collects at the liollom ol the li(|ueficr and,van he dravvn ofl' It) a 
cock. The enrieliment of the air in oxygen depends on the different 
hoiling-[)oints of the oxygen and nitrogen. I'lie rectification eoltimn is 
situated at the boltoin of the apitantlii.s. I'he up-going gas meets the 
liquid flowing downwards a’ .1 a gradual inlerehauge takes place, tlie lower 
boiling-point nitrogen (tas-ing away as gas and oxygen liquid collect i'.i 
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tl'.c liotloiii. 'I'iu’ [)urit\ (if tills liijuid is alunil 75 per cent. The air 
I(Mi ine the iiilei'i ii.'inyr piis'cs tiirdiijili coils v.hich cool the air passitip; 
to the r-spansif.ii civil,c. 1 
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tubes 2 wliicli are cooled l)y expanded and cold gas flowing in the opposite: 
direction. * 

The cooled air le.ive.s the tcni])eratiire Exchanger by the pipe 3 and 
lurl enters the exfunsion engine K, by the iiipi' 4, and the other part enters 
a nest of tube's 5 in the liipiefier 
6 by the pipe' 10. The air enter¬ 
ing the exjxinsion engine does ex¬ 
ternal work ein the pistein and is 
expanded anel thus cooled. The 
conipri'sseel air in the nest of 
luU'S in the li(|eie;fier is e'oolcel by 
expandeel ;niel cold air flowing in 
the opposite- elireelion eind under 
the e:ontimied aclieen of t'oerling 
and ])ressitre liejue'fies, aiul jiassing 
through the- neeelle valve- <S, niixi-s 
in the pipe i; with the eolel air 
freitn the expansion engine. 'J'he 
e'old air anel liquid air enter the 
top ol another nest of tubes to 
ealled the viepouri.sur, which is 
conUiitieel in the intermediate p.iit 

of the rectification column. f)n leaving ihe-.-.e tubes, the niixturi' of gas 
and liquid I'liters a .sunt]) 11 at the iKittom ol the coliiinn. From this 
siniip it rises through the jiipe 12 and re-giilating eahe 13 to the top 
of the cokmin. Tire top poilion ol tlu- rectifeiiig cohieiii contains ,i 



t'.(;. 


■Diagram of lirpreficr on ( laeitlc 
.sv.stem. 



1 I'., ra. --1 oil.ilile ’.hiiiiii o\\ ‘h 'i plant woi i.tng on Cl.iei'le' svsiuin. 

The expansum ec.ne can he- seen on the nglit, the saleimh pe die cciurc .ml the* 
rcstseaia^' Iianics for .!i sipatiiig the tnerg^ tle\tlopC(l in the ehnamo attaclna] eo the 
expansion engine: on elie light. 'Ilk ao compressOi is siiiiateel hehind the rcsisiaticc 
griei, 

series of staggered aqil jicrtorate-el iretys i.t whieli are jireivided '\ith eajis 
15. 'I'iu' litjuid in the mixture di'seends tliroiigh the trays .and enters the 
vapoiiriser hv mexin- of the jtipe 16 ill the s;xiee suiTouiiding the nest of 
luties 10. The gas in tlu.' iiiixture, which toiitaiiis ,i large quanlity of 
nitiogen, .since nitrogen has a lo'.e r hoiliiig-poiiil ihein oxygen, leave-s the 
of tile eolumii Irv tlie pipe 17 and first enters the lii|Liefier in the spate 
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.surrounding the nest of tulies 5, thus (tooling the conipressitd air in tlie 
•tubes. From tliere it enters the tempeniture ('xchanger Ity the pipe in 
the .space surrounding the nes» of tubes 2, and rulfils the same function of 
cobling the compressitd air flow ing in the opposite direction. It leaves b)' 
the pijte 19, warmed but still at some degrtrs below t!)c temiterature of the 
incoming ai*. 

hen the Jiquid air supply is suffitjently large for liquid oxygen to be 
produced, the valve 13 is slowly chwed down but not completely shut. 
The exhaust pressure in tint expansion engine then rises to the .same 
•pre.ssure as that of the liquid air in the nest ol tul)es 10 in the vaiiouriser 
and causes the surrounding lirjuid to lH)il. 'J'he gas thus fornx-d rises 
through the plates 14 while the licpiid formed fwsscs through the valve 13 
and flows into the toji of tin- ecjlmnns. The liquid descends through the 
trays while the gas bubbles around each of the cap.s. 

The output of this |ilanl •is about 20 litres jier hour of' qh per cent, 
purity oxygen. The hor.sc-j)owfr by independent test of tbc compressor is 
•slightly le.ss than 60 or 3 H.I’. jicr litr* [ler hour. 

A photogra[)h of the com|)lete plant is shown in Jug. 12. 'I'he 
expansion engine on the extreme right (lri\c., a dynamo, the output of whii'h 
is absorbed by a tariahlc resistance. .Mxmt 3 eleciric.d liorse-jiower is 
pijiduccd in normal running. 

This plant ])ri)duccs liquid in tour hours, theaxerage outiiut being 43 
lbs. per hour for each .succe.s.sive hour. The pros.sure at the compressor is 
43 atmos[)heres at 250 k.l’.M.. and the expan.sion engine runs at lOo 
R. 1 *.,M., producing 2500 walls. 

J'he purity of the liquid oxvgi-n is ijfi per cent. 



Till. in.VI.ANDT Lli.il ll) AIR l‘I,AN'J'. 


lA A. J. liKUlM'R, li.Sc., A..\!.I.Mi\ ii.K., Tn iimcai. Manadi-k of 
I.iol III Aik (l.iMiTKii). 

I'lii' (liAilupnii'iit (il’llu- •• Ai-;i>])liiii ’’ Lii)ui<l Air Srll'-imit.iini'd llu-iilliing 
Aiiiwr.iUi-i liv llii:. ('i>ni|).iiiy. iiKiik- llu- i nii--lriii liiui ul coinpyiiaivi lv '-iniill 
Inii i fM' li'iit lii|iii(l air iimihn lion pUiiK a n. i r-M!'.. With ihii i iul in view 
I i)-i-.|n. r.ilmM tiilliinnl willi J IiAlamli of Ik-rlin, Inr llu- |iurii(i^(" of improving 
i']ion L’Miliiig ir ■Ivin-', .iinl liiii ll■•-uit^(! in lh<' Hnlandl plant-, which 
I ‘prcMiit .1 in.nl.id .nh.inci' in iiidii.trial incihod.. of ail iiipu laclion gcncr- 
a'iv and partii idarlv in ria;ard to ccoiioniic piodinlioii and -.implii-il) ol' 
iipi ration. 

The In'.! 'Undardi.vd pl.liil^ wvu- dt-igiicii loi an liomh, output ol lo 
litre' lii piid .til of 60 iKtr I'l'iit. owavn conii-iit ttliiv liciiig ilic ipialiti rvipiircil 
loi 'nine icM'ite piiipoves), 01 up to l y litre.- of liipild air pel hour, lull «ilh 
a low'ci owgon tonivnt. 

I'hc -])tcial ivatiin of tin ilinlandi jil.oil-. i- the i \pan.ion iiigiiK, 
v.n'ili takcA the plant ol the infrigni.iting (il.iiit-. ami ollint prc-nooliiig 
(I'.Aiir- I'onttlioiiK niiipltned with olhm s)-liin-, .tn.! .n lin tn. thns.itiii end 
in .1 iiioie tiiinpln and nnoiioniinal in inner. 

•A- i- Mfll knimn, when a g.i- 1- nonipri—fit the «ork ol 1 onipu-.^ioii i,- 
nuintateil into heal, with a non-eipienl tenipei.ttiin n-e, anil non\er-el\ 
wlien a gti-i.-exp. ndnil its internal heat is reeoiueited into woik ami its 
teiii]iei,itiiie i.dls. 

The re.i.sons win the ]);ote.ss of expansion with external work hatl not 
]iit\iotislt lieeii einpioMsI tor ohiaining low leinper.ttiires weie not .solelv ol 
a pr.iitieal nature. Ilnvl.indt renogiiisetl that with a siiilalih tonsirtic ted 
expansion nigiiie the hiali cooling elf|.|ts owing to the exteiiial work loiild 
out) he atl.tined with, ali.-otiite .safetx of opier.itii.n if the higlily nonpjres.seil 
ait weie expanded wiihiii a cxliiitler to prantin.,!i\ ordiiv.ivv pressure Uv a 
r.ipid expan.sion. The tall of leiiiperaiiire thti-c.itisi il In a singie expansion 
is ahinit 100' ( 1 . whilst the inoxing ]iarts i.f tin i xpansion engine remain 
.ihnosi .It ordinan’ teinper.ittire .mil can theiefore oper.itc on ordin.irv 
llihrinating oil. Tliis process wh.ii h w.is developed between ipo.S .md ujio 
was on aeeouiit ol the then prevailing \iews eoiisideiedi inipiaetieable. hut 
the l.irge nuniher ol pl.mls now opetaliiig most salislaelorily proxes that 
lle.'laiidl ehose the eorrei I nie.liis. 

The cooling t fleet htistd on Heylandt's process, lairl) aeeuralely follows 
liie foimula ; — 



(T, .. final tempi r.itnre; T -- iieliid leinperaliire t /, - fiud jiresstire; 
x- the ratio ol li.i two .s|)i.i ifie Iwats,! 
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THli HEVLANIJ'J' UgUlU AIK PLANT 

I his efifi-'ct siarlirij^ witli the siinic initial Ifinucraltirts is m(>iv ili.:n 
#l»ul)lc that cilnaincd by lando’s fornnil.t:— 

S" - 0 ' 2 ; 6 |/. /v-( '.jV") 

<i — i — (.liircrciuv of |)ic\Mirf in alnio^phcrcs 

and 'I’ == ab.so^utf ili.scharj^c U'niin;raUiii, 

'I’Ik- 1'fHcii.ncy of die li((iiefying a[)()aralUN K evei.lleiu if llie proa-ss as 
esplained ahine is eiiipluveil. A small plan! rei|iiiies only about j'2i; K\V. 
"lunirs for i litre of liiiuifl air. eontainiiiti; X5 pr r eent. of owgen. I his 
eorivsponds to a i)oi\er alisorplioti of 1-4 K\\, hours jier litre of li(|uid 
oxygen with a puritt of ij6 to oX P' l' l ent., a nurnhei of [ilants liai'i- 

pnned in pr.tetiee that these figures aie eoneet. 

I he lleylaiidl i-xjiansion i jigine is a power engine, while other < ooling 
■1 n es iei|ui]e work and tliu^ em umber the aln’.tdv unf.ivourable lialanee 



I'm.. 


oi the generatton ot eoid. I'he poua-ss oi the exp.iusion engnu leijuirts 
no eheuiie.ds ; it eiiiphns pail of |lie eoinpressed ,iir wlneli would be avail- 
.ible in .iin c.ise even 111 plants witiiout the expansitin engine. 'J'he air 
eooled down in the exp.iusion engine to - i,to to - i6o"(.'. serves as.i eooling 
agent for the other l>.irl ol the eompr-’ssi-d ail anti thus effeets its intense 
eooliiig and lii|Uef.ietion. The work of the apparatus is therefore iffit solelv 
elVeeted by iiiearis of the throttling expaii.sion of the expuusiou valve, but it 
i.s considerably inereasei! by die nxpausioii due to exterii.il work of tbe cx- 
p.tmied gase.s. 'I'he )iroduetion o( litjuid air without external work varit s 
between o\5 to o'.] litre-s per H.l'. Iiour. Tbis figiite is, when emiiloyiiig 
our jiroeess in eonneetion with exlern.il work, iiiereased to .ibout 07 lities 
Jjer II.l’. hour. The etiieieiiey of liquel.ietion of our plants nheii tl’.e ex¬ 
pansion engine i- emplojed is about 20 per eent., /.e. from too ebui. of 
aspirateil air about 20 litres of lii|uitl .tre obiuinctl, wheie.is tbe elfieien.-v o! 
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(itiK’rsystfms is only lo to 15 porcont. Tin-elTci't of this is that by means 
of a eonipressor of only half the capacity the same output may be ohtaineci 
as with other systems which means that the I'otal cost tjf plant and liiiuid 
o.\)i*en |)ioduction arc considerably deercitsed. 

Dtirinp the past eight years the Heylandl process h;is been extended, 
and a large number of plants imiploying this system are now onrrating for 
the production of gaseous oxy gen in which the simplicity ol operation and 
eeoncimic production remain the special features. ]n the plants designed 
for the production of gaseous oxygen the expansion engine still serves a 
valuable [virt, but m this case is only used lor reducing the period retjuired, 
for tlie initial cooling down of the apparatus, as against its continuous u.se 
with the liquid .lir plant. The liqtiid air pUoits vvork at a pressure of aoo 
atiuosj)heri',s, .ind the g.iM'Ous o.xygen pl.mts when on production olteratc at 
between 40 to tjo almosphi-res jaessure acconliug to si/e. 

The illu.stration shows a plant designed fv-r the continuous production 
o! 10 liti*-s of liquid oxvgcn jxt hour, and the compactness of theapiiaratiis 
will be apprecialeil from the fact that, the whole ol the plant including tile 
power unit c.m be erectevl upon a tivc-trvn steam lorry. 

Heylandt liquid air plants aie construeled with ca])acilies ranging from 
T litre per hour upward', and the g.iseous oxvgen plants with hourly output 
ranging from 70 to 3500 euliic feet, and ex.iiiiplis ol both are running at 
this Uompanv's vvork.s. 



i HiCK^fOMicfRjc L,\(: wj rii kK,''KKi':.N'rK to cold 

•S'] ORA OK |■KA(■•|■K■|;. 

IK h/yii Okiu tihs, D.Si., anh |. H. Awiikkv, li.A.. li.SiX 

,\i. J.Aiwii: M'liks. 

contiul dImkIi vil.il iiii|M)ri.inci- lo the hiiccis^Uil 

<i|iLiutK)ii of .1 i -^ton- tli.ii lilt- in-,trunu iils i-iiipUnod -.liould Ttccivi- llii- 
thoroufrii sIikK. Ak-n iir\ in glAh,s or ;-piiit tin rinoinctnrs an-almost 
iinivi.r-,all) used for siicii iin-asim nicnts and haM- Iho nn-rit o( oxtromi- 
''imp!icit\. I'orthslanl rtMiIinit wtirk tlio ri*-'tslanct* ;>tid iho mottairvin stool 
till rmomolors liato ohvioijs adoantapos and ate now liridinj^ applications. 

Tito ohjcci of the c\p( rniiciils dosciiboil below was to obtain niimorical 
fla^a its If) the niaLtnitado ot .some of the pftssibic soiiico.s ol error in the 
ns .tiut onif nts when me rt tiry or spit it 11 jet itii iinolei s are einpio\efi Uir takintt 
thf lernpe'ratitre ol the .ilrnosphete oi ,i ship’s hold by withtii.iwal of tlu* 
tin rnieime'tor lo the detT lot reaflina. I he\ also^ivi' inhirmation as to the 
i iror intiodiieod b\ the '■ lime l.i” " ol the thermometer if the lemjtoratliie 
ot the stole h.,ppens to be i liangin;; rapidh. 

Besides the spiiit .iiid tiieu iiry theiiiioineleis i;encralle empltn ed in sueli 
nif asureiiu Ills, tests were made on .i u-sistanee tlieriiioii-'ter aiifl a distant 
leailinit mereiin ihernioiiielLr. 

I)i'.s;;i.'II'Tio.N lit till. \ xRiofs T\i'hs oi Tiii-KMoui-TiiRs. 

\ MiKU’ v in fe'.oi iiihi Spirit 'I'/itrminni'ler '..—Tlte iiieretire theniio- 
nielei shown in i'lit. i was flesieined bv Air. A. R.. I. Woods, Afanaittn^ 

1 tiieetor Ol the Nelson Line, w itli a view lo i Inninatinj; a most serious source 
of error in the eoniiiion t\pe, iianich, the rapid ehanne in leadini; which 
oeeuis when .i bate Ihermoiiieter is withd'Mwn from the hold and read on 
dsek. .Mr. \\nods st.iles that this error was often aeeeiitiiated by the 
observer holdin;; the biilb in the jialiii of his hand when taking the reailing. 

in tile form shown in log. i botli the bulb and stem an- proteetiul by a 
wooden sheath, while the bulb is lagged In (otlon w.iste. 'J'he elbeienev of 
this simjil'- tlevice tor ineieoming this [lartieiikir tiilheiilly is demonslrati'd 
by th(' experimental data given later in this report. 

I’l.iin mereiirv and spirit thermometers weie also stiuhed ; the bulb of 
‘.he former being ] ineh in thiiiieter and r inch long, of the latter ;; hnii in 
diametei and i;; ineli long. , 

H. Mmurv in Str,-! lii'rmomth'r. /h'sitt/il hVu.iM;p 7'tp \—in ll^is iii- 
slniment the nicremv is contained m a steel biilb.^eoniiected by a fine 
cajiillary to a lioiirdon tube, iiie lempeuiline is iiuliealed on a dial 
resembling a steam pressure gauge. The bulb of the tlie.nuomeler is 
cylindriial, inch in ditmelcr and <S inches in length. 

C. AV.if.iv'irmi 'riurinomth r --The " bulb’’of this thermometer consisted 
ol a porcelain sjiool a ,‘',j inches long b\ inches in dianu lci, wound with 

1.1 
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platiriim, wire, as shown in i-i^. i. After wimling, tlie sirool hat] Iteen 
dipped m a f,dazo so as to protect the platinum. 

l‘K 1"'' "'■''r iit t-ntl Ct.pptn- sluallt, the- 

nmsil ‘■>•'>"1 tiH'melal walls byT wraj,pine of 

in this ternperatuiv niiastiring outfit a number of therniDnielcrs wttre 
tonncftcd to the one tndicator and eould be plugged in as desired. 



UuM iertr, oj ReMufcnce TKcrmotnckr. 



Mercurij fkermomet'er wifli wsstlcn 
stieutli cinil laaa&d. 
(M'"A.R.T. WoodG desiijn) 




' tr I 


■ •••I » J ij 


1 ne ealibration ot the thermometers below o” C. was earried out in tlie 
<ipp.i!.ttu- shotMi dugrannn.itieally in higs. 2 and p 



COU) SJ’OK*\c;K i'RACTICK 

Ihscripiioti o/. —K(tr plain iiurcury and sfiirn 

ilu* ajijiaralus shown in J'lg. 2 was used. It consists 
of ii Dinvai vac'uum vessel (t^)t silvered), fitted with a 
•‘*<ir.twinj; off'’ pipie for ern]i(yinp. 

A tidn* projerls intt» tile\es‘‘cl conujininj* a shtill 
vNith piopc^eT lilades. W'hen the nioloi is in action, 
tile licpiid is^sueked Up the eenind ^ubv and dis- 
c'harged out through lh<* cuifiees. thus ensuring <\ 
thorough stirring of the eonlenis. 'riu* ihernuuneleis 
are earric'd on <*lips attached to the tube aiui are 
i(»lally iriinierM'd ; the readings ln-ing i.ike n i!'ioiii;h 
ihf UanspaKfU esalls ot the vacanini Ne-M-I. 

I'he’ Iii|uid iinjiloNid is c’lean anlnclrt-U'- etiiei. 

'I'he teiuper.ilun' is lone led !«\ add.ng su<•e^^si\^• 
<pianlities ot earl}(*n dioside ^^)ow.* 

l>\ nh-iiisdf tins .ij)pir.iUis .m\ de.%ir< d leinp?;.;- 
Uireeloxin to — cio <'. in.p, Ik-<» l)t.ii»U'd. 

rins method w.is d»*\iM*d .ihoiil tc*n years ag<» h\ 
.Messjs. k.o« and Higgins if>r the louiine test <»i low 
le-nipenitni'i tiu nnonieit r> .uici the e'ngin.d eesse-l still 
s^rvi vt's. 

ri-e ehsl.ou leading uieieiu) ih* riiH'nietei .«nd t!»e 
I'e sistanc e- the rniomete r w i le e alihia'ed in lhe*ap|)itralus 
-hown in I ig. as lhe\ weTe too l..‘j,e to he ins»iieel 
niio tlu vat uinn vesst.-i. 

'This a])paialU'> was also use-d loi finding the “Iniie 
Mg" ol the- diheu-nt pe*''. !t eoeaist'. a box 
nu.iMiring j fell h\ j ji-oi b*. > (t‘ti within whie’li is 
a letlangular .s[)iial ol non pijiing. ‘I'hi.s spiral is 
tt)nneeled tcv the re irigeniling plant *aid. Ij\ the* tireu- 
lanon of iln- e-.\]>.UHled ammonia, llie- lein]5er.miie ol 
l''’ ..ir vviti’.m the 1 ><a ean he leiweutd lapidl) to 
■‘i.nimum o( iibou* ;5 Ci. 

i'he hiilh (»i the insiiuiueMl unde‘1 test [iioie-eis 
ifuo tin ru losuri' and has siiappiecl to U a nuinlHT ol 
theTmo-juneUions of eoppeM eeuislanlan. 

J’ht ti inperal lire- e»f ilie- enelosuu* is ma iiiaineel 
sieach bv obse rvations ol the lempenituu ol a the rmo 
’untiion suspenele*tl fiee-lv, as shown in I'hg. 3. 

it may he- reaiiarkeel in piassing that the* .ibove* 
nu‘ihoels of eaHlirating are not appvlieable lei iheinio- 
nu’ters uiserted i»i pipie- lines anel wliie'h usu.dK have 
an uiueagen* eoluiuii. With sueli the rinometen it is 
desirable to e aiiy out tlu* tests unde r c-onelinons c loseb 
siniilir to those obiaiiu-d in praeliee. 

An apparatus which we liave lound sitisfaetory 
for .siicii tests* is a small east iron beix inserte^d in a 
pipe line* eonnerfe*d ihiotigh a [lUinp to the* cold brine* 
lese.rvoii, • 


‘Carbon dioNidc snow is prcpaicel as rcejuited 
b^' allov.mg ihe liquid i*arl)on dio.side, se>Id in i.\l n- t 
u» i .spujul int/i perieir.iti <1 iL.mtaintr. 

I*it: 



^A5 

ihermomeiers 



. 2. 
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The lliermoiiu ters are scTewed into sockets in the top of the tank and a 
(nrculation of coUJ lirine maintained durinf' the test. ’ 

lUK “ 1 IMK L.v: ” Of Tllh DiI'TKKKNT TyI’KS Of THf.kMUMKTF.Rs. 

Ihe apparatus sliown in Jhi;. ^ was used. Tlie proeeiiure \y.'is to lowei 
the temperature ot the enclosure down to a point eorrcspoiiding to the 
lowest scale reading of the thermonieter under test and allhw it to settle 
there. The thermometer, initially at room temperature, was r.ipidly inserteil 
into the enclosure and oRservalioiis of apparent temperature taken at 
successive time inti-rvals. 

1 he type of curves obtained will he seen horn an insjH'ction of Fig. 4 
and, as they are expotiential in character, the ohservations I'an he shown 
graphically on a .seiies ol straight lini-s hy plotting the log.irithm of the 
temperature e\eess against the lime. St!e Fig. 5. 



Kiu. 


The slope of these lini'S dettrmines the rel.ith'e “timi. lags,'' i.,-. the 
smaller the .slope the gre.iter the lime t.iken to settle to ecjullihtunn. 

For if the thermometer is at a temperature 0 .and the etn Insure at U, 
the rate at which the thermometer takes up heat is proportional to (U - ti). 

, dO i i , . 

i hits the rate, = j (L - 0 ) vrfiere ts a constant of proportinn.ality 

;ind ^las the diuietisions of ;i lime. 

This eipiation tttiiy be written :— 


d6 

t) - U, 


,// 

L 


which gives, if U - constant. 


log (W - « 


/ + rt 

L 


(0 


To rletertnine <7, we note lh.it when 1 ■— o, 0 — fl„. 


Thus 


log (ft, - U) - 


a 

1 .' 
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So that substituting in (i) we-got— 

log ((? - 14) = - ^ + log (e„ - U) . . . (2) 


it is the <iuantity on the left winch is plotted against t in Fig. 5 and 
we see then^ore that the slope of the line.s in l''ig. 5 ~ j • 

figure the logs* are to liasc ro, .so that'the .slope has to be multiplied by 
0 4343 = loSio<' to obtain - J ') 


I’Ajualion (2) gives us— 





i-c- {6 — U) = ((>„ - C)(’ which shows that the experimental curves 
;ire exponential. 



Hence when t 

* (fl - U) = (0„ - 

i.e. the dilTerenci' is reduced to ^ ol its origirjal valu?. 

For this reason L is a convenient constant by which to nr.easure the 
lime lag. A mere statiTnent of its value in .seconds or minutes for a parti¬ 
cular thermometer is all that is reejuired to determine the behaviour of 
that instrument under any circumstances as regards lime lag. 
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In parlicular if tlie inhtniinent has Ikxii Uikcn from onu room to ar,- 
othcr svheri- tin- It-niperaturu is lower by T°, we can sec the wa) in wSiic’i 
it will take up the new tempiwaturc. 

In a time 1 - sees, it will still have o-.^ 6 S I" to fall, ami this is ivilii. td 
III o'oooo45 T in to E sees. 

Expcrtmuih}! ktsu/fs and t/nir A/</>h'catioti. — I'rom thencxperinienl.s 



I-K,. 5. 


.11 si'ribeil with the rarimis tepe, ol lliellMometers lln- values il. i.'u'i.' 
ail the partietil.ir tliermnmeteis .-ri- ylven Is lou • 



Spill r 

(iiiH It') • 

' Wnocl.t 'HM c 

iHMtt UuaJiii.' 

V in S.ft,’ 

I'latn >Ii rcurx. 

; .‘Ii'fL’ir’ 

J'l.itiiif.tn 

Thi’i:i'Mirn‘'ipr I*- 


iMiuuit. X.) 

'Ih* rnitiivi U’j. 

1 m-inj.jjijciur 

la»U KfuiliU'i I . 

1 

I i.Muu'lc ■ 

. M.miit • .1 

4 

iMiii'itc ,» 

'njS 

fi*i I 

. i-rv 




The followiiy!' talt'e, ealeukited from the .diovi liL'ures, shows du iiloi. 
uilrfiduecd 111 the dcleimination ol tlie lemperatiire ol an eiiekisure sui h as 
a ship’s hold if the llieimoiiieter is lirst hioUf;ht to a [ilaee where the 
tempetatiire differs from that of the eiielosure h\ X , and held there t 
see.s. helou; readuio. The eorreefoiis are true in I'ahrenheit units if N is so 
expressed and in Cenliunide il N is measured in t 
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It mat' bo worth notin};, further, that the constant L has another 
interpretation. Namely, if tlie temperature of the enclosure is ehan];ing. 
uniformly, the thermometer records the tempe'.atiirc which existed L minutes 
priviously. To show this we havt; to return to the etiuation previnu.siy 


itiven, VI',. 


d! 




Hut U is not now a constant. Say it is TJu + rt where r the rate at which 
the enclosure is rising in tem|H'rature. 

Then = ; (U., + rl- b). 

at 1, 

It may be viTifiird that thr' solution of this eijuation is 
0 = U„ + r(/-],) + .-V I-. 

We determine b) jiutting 0 — !)„ when / = o and tiu; e<|uatinn beconu-.' 

f 

# = u., + /■(/- I-) + (e,. - u„ + rL)f 1-. 

Now if / is large, the l.ist term becomes negligibli', and 

6 = U(, + r(/ - L) = U - rl, (since U = U,, + rt). 

which misins that the thennometer, however long it has been in the 
enelosure, records a temi)erature less by rL than the c orn-ct tem[)erature, j.e. 
the temperature which existed 1. minutes preriously. 


To gi\ e some exam[>les of the use of liiese (igtires. 

Cask \.—-1 emperature of shifts hoht rising and idst'y 7 ra/ion\ taken with 
tkc distant readtn^ mercury thermometer. Let us sufipose the lt'm|ierature is 
required at 12 noon on a reoain day and that readings are taken at times 11.50 and 
12.10, the, values being 39'7^ F. and 40 8 F. respectively. Since the lag of this 
particular thermometer is 18-28 niinutus, the hold was at these tcmiieratures at 
11 hours 31-72 minutes ami 11 hours 31-72 minutes respectiteJy. It is rising at 
the rate of i-l in 2(» minutes and therefore in 8 28 it will rise 0-4O' F. Thus at 
noon, the hold temperature is 40-8' + 0-46' - 41-3’ F, w-heieas the mean of the 
thermometer readings was only 40-25” F. 

C.'\SE 2. —Temperature of hotdsteady: obsetsmtions taken by withdratvini^ 
the mercury ///e/Mcz/ierc/-. - Assume that the nieriury iliermcmcter has had 
time to settle to temperature of the hold, is withdiawn at ii-50, and read 25 
seconds later on deck u-hich is at go F,: withdrawn again a" 12.10 but an in¬ 
terval of 40 seconds elapses before ihe leading is taken. .Suiqiose tlie readings 
arc 38-2' I-', and 39-8 F. Then in the first rase the value of N in the table is 
1)0 - 38' - 50' F. and t is 25 .seconds. From the table the error is 0-22' 1 -. so 
that the corrected rc iditig is 37-98 F. For the second observation N is tigain 
50'but / 40 so tlie error is 1-80 F. and the i orrecteil value 38-00 F. This 

example illustrates the danger of assuming that the hold is rising in leniperaturc 
merely 6y noting tw-o readings without i-orrei ting tor the lag error. 

Case 3.— Temperature of hold nsiny, ob.serration^ taken by 'loithdraivtnp 
the spirit thermometer. The case considered is that of a ship’s hold at about 
40'' F. and the deck at 95’ F. 

The thermometer is w ithrlrawii at 11.50 and read after a lapse of one minute 
and then replaced. The reading obtained is 39 7" I-'. It is then withdrawn 
again at 12.10 and read after a l.ipse of 40 seconds, the reading being 40-8' F. 
On correcting these observations lor the ri.se after withdrawal by means of Ihe 
above table, we get foi the readings in the hold at 11.50 and 12.10 the values 
397 - r'bj - 32-05” F. and 40-8 5-76 35-04 ' F. respectively. 
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Now the reading at 12 noon would appear to be the mean of these, r/r., 
33*54 F. but owing the fact that* the. hoki temfieraturc is changing the lag of 
he thermometer introduces an error in this also. For each of tliese tempera¬ 
tures existed L mins, previou^y (1. in the case of this particular thermometer 
bfting 6*11 mins.) so that at 11 hrs. 55 89 mins, the hold temf)craturc was 33*54” 
F. it is rising at the rate of (35*04"' - 32*05") in 20 mins., i.t. 2*99"' F. in 6*i r 
mins, so that at noon the correct value of the hold temperature was 
33*54 + 6-tl^o X 2*99 34*45' F. 

C.\sic A,.-^onditi<ms ideniua/ •untffCn.'tc 3 except that IVood's pattern 
(ai^iicdthermometer 7 iuis employed,- Reading in hold at 11.50 corrected by table 
for the de< k tem|ierature 

377" ~ 3*^15' - 33*05' F. 

Heading in hold at 12.10 correcteil = 40*8*^ - 2'49' = 38-3J' V. 

Kate of rise - 38*31 - 33'05'' - j-zb"* F. in 20 mins. 

Now the ihennometer lags behind tltc hold by i4*6 rnin.s., therefore temperature 
of hold 38*31"* K. at a time 14*6 mins, before 12.10, i.e. at 11 hrs. 55*4 mins. A.M. 

So the reading of the thermometer at 12.10 is still 4*6 mins, behind the 
Mue noon lemperaiiire ol the hoKI. 


*.• 'Penijicrature of hold at 


noon*^- 38-31 -i 4*6 \ 


5*20 

20 


39 * 5 -*^ 


As a rule the temperature ol the hold docs not chang^e at a notable rate so 
the correction lor change t^f temperature of the Imld woulil he of negligible 
magnitude. Even in the above <rise it is only about i*' while that due to the 
Heading being taken on deck of the (irder of b"' to 8' F. 

Tite above examples have be^en cfjnsrruefed to illu.strate variations of all con- 
ilitions, but for comparison of the varic*us Ihcrmometer.s considered, the following 
table is appende<l, showing the niagc-tude of the errors of each thermometer 
under the .same timditions. 


Krror it. determiutny the temperature of a %paic introduced hy iagep'cets. — 
Kate of rise of store -- 6 " F. per hour. 

Rate ol fall for vahu*s in brackets ( ) = 3" F. per hour. 

'J'he ihermometc! is taken out -at the time when the true tempt^rature is 
letjuircd, and veatl after 40 sei'onds in a space where the leni|x*rature is 80'' F. 


'I hermf»metrr 

• K. 

Krt*u J >iir M» ; 

' Withdruwnl • 
" F. 

1 

I'.iror I>ifC Ui 
ki'.e of 
llpcJosurc. 

1 c A> Lrror. 

F. 

Correctrd. 

Valur 

1 * 

I’Jc-iin mercury . 

'lb-3 

1 /-I? 

- 0 -3 j 

6*.S3 

.19*5 




(-1 €.-17) 

(+ 7'.14) 1 


Spirit tlieniio- 






meter 

4ri 

-? 4 

- t>-tu 

-- .rsS 

.ws 

Wood’s pattern- 



1-1 

f i-i'.io) : 


lagged Iher- 
luomcter 


1 -M 

- 14 *' 

t oMi ' 

^Q'5 

Direct reading 



I-+ 0*7 ri 

(-t --51) 

(37‘4) 

eleclneal ther. 
monteter 


_ 

- '*73 

- i'7.f 

3y5 

Distant ie:idmg . 



{+ o-,S 6 ) 

M- (.-M)) i 

(.<6-9) 

mercuiy iher 
inoincU’t 

3r7 

. 

■ 


• 39-.S 



(+ 091 ) 

(i- o-yi) 




SOME MATERIA!,S OF LOW TFiKRMAL ('ONI)L'('ITVITV. 
IE JC/i' k ( 7 kn i 1 riis, I).S«-, Natiox\ i. \ mjkv. 


Softh' Maft‘r}<}h (>J I.iuv T^icrni,v' ( Vva.W/?'//}'.— lAnm ilu ptiint nl vii'VA 
ot ilu'U'trigcraLiiiL; IT, liu'iii.iU-rKtl lor t old iI1^ul;Uiol' 

woiiUl he ail of niinutr a-lN loUlF L-nrlosrd in a litjhi 

l.anit’woik inijKTvious lo nioKTinv. Hornu-tied soalin^ of lIu- rolls 
rsscnli.il, foi .1 watoi nulcriiw’ is uscioss toi insulation jnirpost's. 

]U*sidt*s the fart that tiie value the thermal eoiitlurtiviu ot \>atti i-. 
ibout ten times that ot the ^omiueIi^itv of tin m.tteiials uMiallx empio\ed 
tor msulalini; jiurposes. (he [Testaue of nmisture Ss liable to si L uj) ilteoni- 
positH'n in sui)sianees ot oii^anie on;;!n. t'onseipienth manv i \e< thai; 
ihinn. i insulatois, sii<-|i as eotl(j»i \\a^le and wood sawdust, ale ruled oiii 
on ue<oun( ot llieii lapul delener idmi nj du- ]H'esinee ol water. 

AnolluT important tai’lor h. has ro tie erjn.->idiMrd in ass^ssinji the 
Njlue f I an nisulatoi, t‘s[H-<*ialb tor niarine work, is the per eubi* 

tool ot the inaternl. A in«»iUrn lefiiaeiatnia snip ol n_j^o ions n |Uin's 
about 400 Ions o! eork.* So a •‘a\n!4 ui a tew [)ei j«‘ni. |s wrli w'orth 
while. 

A in.iterjal' ot low ’.\eii;lit [ler enl n toot has the addumnaj advant^i^i* 

*The lollowitiij partKulnrs cuacLtn s:..|,,. ,,i e.^ \,_*tso;» Liac v.eu- landlv 

K.ippiied by Mr. A. It. i'. Woods, M.l.Mtch.l*., M.'.X -V 

Shij» huill in it/ii. Uma.it^c } j.j" In ailalcd tliitiii>;hou' :•— 

Approx. 

Hull, en4ine{> and tH'i!*rSs . ^ Ion*. 

Ketiijr. * .’ch.ncrv aiul bi.nr pip t 4. iic. . . Un, 

In.'iul tujiwaie coHniii a'-d tnoh* r . 

S .!;• • i tl - .jiyst ns. 

1 otai capacity of ;; • sf-v.es •. • '..j-S'. ci n-c it »m 
'• .... ■'O'* :ons dniji-fl nient. 

» • •• •. 5 • ,, fio/** '1 nn :**. 


uiiiil ai iQiii' '^r-istCMod i-ro s 10 an %• p ' InsuliUil thioukduml 

Appi'o \. H V.y^s'.'. 

Il.i.i. ce'.;nu*s .ind DoilcTs . . in.ipvps 

KgiiT; ntacn itiv and ijrine pn«n e-l . . , h«So 

I'lsuia: an, ^r.en.hiud i-m;. . . 

*■ .. t tnhe: . . . U o. ][ 

I slijp, V f .Jll tOIKs. 

lol.ll c.ipa^.u mJ c.v ,\ti p.i fs ji |,5-<i inhie Icct. 

•• (i}0 U)!:s chilled inc tl 

tn)7i:n meat. 


! “ k'.. ’Ik. , Ui'.ht f.im. 
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tii.u tile heat whieli lias to he al)rj^r.ietecl in cooling down the stores is less, 
^tnd this leads to eef)nonij (»f wtuking, 

i lie heat insulators in conmion u>e at the present dav aiv slab cork, 
gr.*nulate’d eotk, slug wtiol, and ehuroxil. 7’he.se are so well known as ju)t 
to need further deNcrijition ^ and the ptirpost-of the present eoinmunieution 
is 10 bring the attention of refrigerating engineers a few materials which 
may he wort^v of studv under praetieal <'<)!(! storage conditions, for they 
ptissesi at lea^one ess.-ntial charaeu*ristti' of a <'oId sioies insul.itor. namely, 
low thermal <•ondll<‘fi^ . 


/i A’ltf'.'f -Melhotls htive heen <l<\i-ie<l tor liie t'oiniTsion of 

luhher ini<» a highh «ellii]ar f\;rin. tin- lesulting protlxu l Iia\ingan ^Aceed- 
ingl\ l<o\ density. 

^^il••n \iewi (l uiul' T .1 low' p<n\er nijt'n»s« opi-, the riialerial shovv.s ,t 
'‘iri)Cimeappari*nll\ uud< ii)) minuttM ells h(Minde<l h\ ruhhei nienihranes 
The «-e}hii.ir siiiKauu-of themaieiLd imim'fliaieh suggests (he possiliilit) 
ot Ms Use 4is a heal insulaioi • 

1 lu suiaii > enple- we ohlainetl dnleri‘d <s>n-.ideralih as regards detisit) 
and pTesuni d)l\ tins variable can he centrolletl h\ tlu- nu‘thf»d of maniifaeture 
a' \\« II as 11^ pltxsie.ij -aaif. wlieilu r st>fi oi haul. SamjiJes of the mf? 

varied in dejisU) (rem o\j=;y to o*j’ ('.(kS. units ('^•7 to 7-^ lbs. 
|H ' n;>!« loot), whili a haul iarit-i\ re'.emhiing ehoniie had a tlensitv <if 
o''’7 'fo'd !!»■>. pel < uhi* loot)." 

Jt woiihl he I matlei <»f ( oiisidtT.dile theoretix'aJ mteie.-^l touhex-Tlain the 
If iaiion hi-iween ihe densii' of tiie s.imple aii<l its thermal eondia Imi 

snife •{ ni nsiieran h.e, noi been .nailable foi .such U^ts. Tiie eoiuIu(*tivit\ 
of --raiH <)l iht. '•i.diMial m tiKHi (orni has been di‘termuu<j and \aried from 
o oooou i.j c 000? J t units, the actual x.ilc*- lieing dejiendent, 

apfja-f nth. n[»f)n me pn.'C?si‘ melluid of inanufac-tiire, eU. 

Now the wesglu per 4 nhie loeu o! xlu'samples tested was onl\-about ^ 
I'l 7 iis., \\h Men slab fork weiglis 1 t to i ^ lbs. s(j that when comparisons 
a •..ailecn die basts of th* wiaglit 4>f'‘tjUivaKaU aiiiounls <if insuUition the 
t. ht 1 sjiow's a m. 1 ki i( s.n ing. 

I - .Is of iiii iiisiil.iting \alne of exnandetl nihbei t^’-pping^ when paekexl 
inui an ti.tt r.sp.iit ha\x also been «MrrietI out. 'I'lie 4*lippings had been 
prep..!»<l from a sheet and measurtsf roughly A im-h x J inch x j inch 
blo<-K' wui) consifleiabit \ari.rnons from liu* mean. A xlensitv deicrmina- 
Lf-•■i ell sfiiiu’ot 111. iiagnu nts g.n'e theline o'oo + + t‘-s ll)s. 

Of' ( ubi<‘ fof-i. 

in r»e U st tin m.iteria’ was e\eiil\ packed 4>n either side of a hot plati 
im.tMiring 8 nuln-.s in «S }n< lu s .siirromideil by a 2 im b giiaid ring. 'I'hi 
rhit knes. of eai'h la\ei was indies. 

In the lifst lest the pai'king was light, tin* material lieing pressed down 
sliglith. 'J'he weighi of maienal pei cubic ftiot under these conditions 
w.is j’n Ib.s. 

’I’he d.ita obtaitieil ar< gi\ea in 'J’.dile 1 . IhIov. 

'I'he was then taki'ii out <»f the ajiparatu.s and rcpai'k^d uni- 

formii, Imf jiiv.ssing in a.s much . . ]>os^il)Ic. 'I'he weight of malerial [)cr 

• 

MJaia a:, to tlic llurni.il contliu'iiviiy of thc->c in.tltrinls will l>c in Specia* 

KciMifi \ii. ^ otific ‘•(Mj.i lavt'sitg.iUoa bvKU'l cmal:*d vu pa})ii.«.hed 

by H.M. St idoncrv Otlice. 

‘'r.hc don.sily i>i orclir. ir\ i«d r.ihber v-jl»iip’.scd i.s \ari.ibio. 'i’wo s.nnpifs g.no 
’’Ht ant! I’y?. c*’. s-i rmtl nf H>s. per ci:l it* r»n»i n si-i't'iM'S. 
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cubic fiiot under tliese conditions was ^4 lbs. 'i'he closer packing has 
incre.ised llii' insulating efficii'n<7 by t2 per cent. (See Table I.) 

■So it would appear that in a granulated forijt tlie same insulating efficient ) * 
can be obtained with approximatch half the weight of this material, ps 
compared with granulated cork anti altout one-ipiartei' the weight when 
compared with slab cork. 

A .somewhat parallel Gi.se to this, as regtirds the dilTerei^e in weiglit 
[)tw cubit: foot, granulated .and in *;heeLs, is gi\ en b)' cork. 1 Jn the baki.d 
slab form cork weighs about twice as much its the graniikiled and giees 
roughly the same insulating efficiency. ^ 

.Since it is po.ssible to control, in the course of mtinufactiue, the deiisili 
of the expanded rubber it woiiltl be of interest to ;iscert.iin the limit t(> 
whiih the reduction in density can be carried. 

T.Mtl.l-. I. 

Cl MTIM'iS l>r I Xl’ANDUn KvWUI'K, 

Demitv of 1 0 Ihs. per t itb'u fovt. 


Date. 

Cold i Sale 

1 einjtcrafuifs. 

'1 imt ■ 

Hot }-acc 
Ic:iipcratur««. 

Mvan Ti mp. 
nf the 
M.itcri.U. 


eijt. ‘ Fahr 

C<it. 

' CciJt. * ’‘hr 


LoiulllLTIVItlCh. 


BT.j .npej 

i.q. 

C.( 1 S. Hour for i 
Ihiits. Thuktifsb atiti 
for 1 ' F. tliH 
in ‘IfinjL 


Aug. 7th 'll A.M. 2<% ' St* 

., Sill yA.M. 20 ‘ bS so 

., 9th IJA.M. 20 fi. 


.<5 


0 '(JlntI2V 


I-:- <5 

9 b 

o'ootM 17 



95 

o’cmui 18 


l*iohahit 

value 

J ^ 





DeiiSi/y of Ptu kiu^^ 4 *« 

ibs. f’Tr 

cuhii 

foot. 


.\ug. T3th 

•M A.V. 

20 

68 5<» 122 

J 5 

95 

ii'OOOlOjy 

*''M *5 

., I4ih 

} <) \.M. 

20 

fsS 50 7 22 

^5 

95 


i)\4i I 

1* ifitb 

iltJA.M, 

'Hi 

6^ 5<> 122 


95 

OTMK>m\ 

0 .U *3 




I'mlslhlc 

valu» 



The 

m.ni-rial 

diffe 

rs niarkedlv Iron 

1 ordiii; 

irv \’ 

uic.imsed r 

< d rubbi r i 


its properties, a notable characteristic being its .soltnes-,. Tlie question^ nt 
the durability of the niaten.d undei rough usage and its chemical stabiiit) 
are ones which merit careful in\estig..tion. 

Rubber is jieiitu-able to n.ttir vajKntr and to many gj.ses, so the gas 
cells cannot be regarded .'ts li'Tineticail) .sealed. A sample of the ni.'iteiial 
tested uijder nater tor a period ol ^pjo hour- showed .1 piogrcssiie iiuiease 
of weight witii time. It Ginnot yet be stated whether tins water absorption 
IS due tf) water vapour |R-rmejting the rubber and forming tin'adsorbcd film 
on the'surface of tlie ceils, or whether it is due to capillttry tibsorption 
similar t.i the sffeci o'otained with chanoal. The fact lh.it tlie uelion is 
slow would appear t ' imhcati- that it is due lo water vajimir ]ieimealing 
through the rublier. but it must be remembered that in the ease ol capillary 
attraction the action would be slow if the capillaries were close-ended and 
the water had to di.ssolvc lb.- g.is as it flowed along the capillary. 




.SOMJi MATERIALS OK LOW THERMAJ, CCNDUCTIVITV 


-55 


The eorifitilution iif llie iiiajcrial does not appeiii' to he simjtly one of 
,gas enclosed in cavities with solid rubber walls, ami it is probable that an 
appreciable amount of gas it absorbed in the rublx-r. The determination 
oi the slate in which the gas is present in the material is a perplexing 
chemiad problem. 

In the jjre.setit stage of our knowledge concerning this new material, it 
is difficult iV express an o[)inion as to its value as a practical heat insulator 
for lining thJ walls of a store. A lt.»ig |X’riod test on a reasonablj large 
Slide is really essential, and the (juantity of material nece.s.san for such 
;i test has not yet become available. 

lialsa IVuod .—Balsa is the ivood of a large tropical trei' growing in 
Ecuador. It is probably the lightest wooil known. Tlu- samples we have 
tested have varied in weight from 5-7 to 8-f) lbs. per cubic foot.' 

As a structural material,il is decidedly weak ami liable to damage by 
blows, i-tc., hut it has tlu' advantage over materials such as cork that it 
can be worked with ordinary wood-working tools which, however, mu.st 
be very sharp and run at high spi-ed. 

In the natural slate the wood is subject to decay, but it is claimed 
that with preservatives it is possible to make tlu; wood sufficiently water- 
(>roof to enable it to be u.scd for cold slomgi' insulation. 

When the material is to be eniployeii in dry situations it can lx 
surfaced with a veneer of hard wood. 

Tlu- results of tests on sevend varieties of the material are given in 
Table JI. below : — 


TAHl.K II. 
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J’fPrt's of Austrafis. —'i’fjc poviiliilit) of u.siui; this material 


I’his mn^ be compared with mahogany, which weiKhn about 45 lbs. per cubic foc»t. 
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was suj’iicsted by Mr. R. A. Fowler, Fotest I’roduee l-aboratoi), I’ertli. 
Auslralia. wiro .supplied the following iiifornution concerning it. 

It is a fibrous wit.ste Iront a tree kitown rfs *• Kingia .Australis.” This 
plant is peculiar to W estern Austnilia where it grows on the poorer soils 
of the coastal belt. The tree consists of a long cylindric.il stem u|) to 
about 20 feet high and a foot in diameter, surmounted by a Uft of long 
gr.iss-like leaves. The stems am usually black in outward/ippcarance, 
owing to charring In forest fires, and are composed of an oiitiT shetith 
of persistent Ictif b.ises packed \<-ry closely together, an inner shetith 
an inch to 2 inches in thieknc.ss of longitudinal fibres cemented togelhe; 
in a close matrix, and an inner core of closely packed short fibres, Th< 
inner she.ilh of long fibres is the only portion of the jilant at present used 
A w.isle jiroduct is obtained in cleaning the fibre., fioni the cementing 
iii.itrix in the Ibini of dust and fibrous material. 

J I'e results ol ,! smies ot tests on this iii.ileri,il ,lie given in T.ible [11 
below — 


TABI.K III. 

N i>! W onii. Kin<.ia Aimkmis. 





f»' 

I\ti 1 ‘A’iJ, 





1 

Lo! • I .1 

Ivl 

i ai-t \{ ..«• Knp «•! 
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\ ilui 

<J «»'HJ t 1 7 
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/b.' O'rii.'.s Mtiti. -This iiKiterial is m.ide up ol t iired vcl-gi.iss sewn ir 
between sheets ol strong p,iper. The grass grow i in s.ill water and contains 
silivoii to a large exleiit Jt do'-s not h.irbour insects 01 \( imin, which is a 
most v.duable ch.ir.icu.-rislii-. » 

The value of cel gra.ss .is ,1 thermal insiilaloi ajipe.ii s to h.ive been ri'ali-ed 
at ,in earl) dat, in the L’nitul States, lor it is stated th.it .1 dwelling houst 
built ill ifiy, in Jforehester, .Mass., w;ls lined with the grass sli/fed lietweeii 
tile studding, and the ni.neii.il apjiears to have been in a got d state ol 
preseivafion alter a lapse,of more lh.in two and .1 li.tlf eenliiries. 

.■\ sample tif eommerei.il nutting was obtaiiieil .intl tested in two si.ite' 
of packing. The results are given in Table IV. 

\\ n. tiler tile nuttri.d will nice’ the slringeilt reipiireinents of the 
refrigeniring uigineei e, .1 matter loi e\[H riineiit unilei stiviee eondititiiis. 
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'• I'l-att.d " n'ul untH‘al*‘t? " inatcna! .iri_ j^ivi-n in 'J*ahh \’. hi*K>\v. 

lu-av\ \M iphl jifi ( ui>i< toot ot‘ th«‘ ui.itLri.il- -’o to h»s. —is a 
■ ,».--a<lvant. 

TVHl.L V. 

CnMi la-ssi-n Pr\», 
iS /'/-.' Ihs. hti i ht/\ 


‘oa:. 'in 
.. Mh 


c.*;.i 1 , 0 * 

■J •al?ir« 


11« v.M 
JO '.' 1 . 


ilo: > avi 
T* inpt r.iJ.ii V . 


s* 


' 'I 


1 rm;-. 
«>i ihi* 


S 7 


i /MKj'icth iric. 

!>. J .1 p«. 


l-ahi. 

t f...s 

tor i ’I Insk'* 
j*f .ind lor 

1 T . dill, in 

• r-m, . 

no 

no 

(l•<lo^.lI75 

o'oonJ7t> 

ti*-,nij 

ir^lj 

due 

O'OOtll ~(} 

it-ylj 


Pl'M Tj'! \IM> W'TII lirn mis I'.S MAThKI.M. 


U di'A/ 0/ Sf><t}meu, /'•f’ ctihii foot. 


A lit;, rtiih 

r I \.M. 121 

75 

5 ' 

»a 0 

100 

0*000175 

4 *'y ‘7 

,, I'lllfl 

rra.M. J\ 

7 .S 

y 

i-»f> 3S , 

KiO 

0*000175 . 

fv.VJl 

M -'I si 

ro x.M. JI 

75 

5 " 

i jO J.S 

too 

o*tHK>r75 

o*5oy 





Probable 

X 7 ilue 

0 *tKHlT 7 i 

o*3iv.» 


A samplr oblaiiicd bom auothet Mj.’.rcc jjavc Ihc value o*(KX>if)7 C.G.S. uni’s for 
!ht tlurm.J toadiirfivit' at .^.V’ C. 
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In conclusion it may be [Miintcd out /:hat the tlicrnial conductivity of 
insulatinit materials in general is not an invariable physical constant. So, 
it follows that it is advisiible to test saniplcf^of various consignments just 
as it is desirable to determine the calorific value of a fuel. ’ 

The e.xperinu'nts recorded in this |xiper and the other on Tbirmometrie 
Lag constitute a [Xirt of the programme of work for the EngiTCcring Com¬ 
mittee of the Food Investigation Hfiard. 

We desire to record our thanks to the Engineering Committee and to 
our director for their interest and encouragement. 



rHK METAJ.IX’RCICAI. ASI-KC'J- OK TIIK 1 ’K.OJ)L'('JION 
OK ( OKU. 

Hv 0<»M(> 

Mo.sl (jf Uu- iiML-fuI nu'l;ils ill j(ri-;.i-iil-il.iy pr.irticr aiv t'xlr.ii u-d from 
l':u ir orijs, ami rL-fini'd for llm of tii.in, by procri-sc-s which involve tin; 
ii'ic of atniohplicric air for the combustion of carbonaceous matter, silicon, 
^>tios])honjs or siiljihiir to provide the hc.it m|iiired. These processes havi- 
become standardised to a lar<;e extent and are based on the tissiimptioii ot 
the inv.iriablcncss of the oxjgen content of the aliiiospherc. Until (uivlev, 
not so lone ayo, di'iiionstr.iled that the seasonal vaiiations in the aqueous 
’,^[)our content of the atniospiiere coiiUl be controlled in the air blown into 
the bljist furii.ice by refrurer.ition, it had been as-umed that the fluctuating 
.iqupous vapoui content of the atmosphere wxs beyond human control in 
iiiet.illurgic.d opei.itioiis on a louiiiutci.d scale. To-dav the assumption of 
lUi.iriiibilily in the oxygen ratio of the air used is finniy roolfd in llie minds 
if those who a;e operating niet.dlurgica! plants. 

tlbviously llie o.xtgen (nriclimeiit ot the air used wi.uld alter the con- 
hlions uiidei v.hii h thosi- iiielalhirgieal prt«x-sses wbii h ilepcnd on oxida¬ 
tion of some fuel for the heat required are I'.itried out: and though it is 
difficult to predict wh.it would actually be the effect of such altered con- 
luio is yet enough is known to en.ible us to sav lh.it revolutionarv changes 
';> metallurgical pnictii e iwiuld result. 'J'he proresses now eiiqilovetl, and 
, ‘tipesot pi,lilt Used, ,ire the result ot gr.ulu.il I'Vciutioii of industrial 
pr.'.i t. '■ Our ktioiileilge of the teacfioiis tluit o. cm are imperfect .ind 
almo.st -e.rirely restricted to our knowletlge of wli.it occurs when ordinarv 
air is used. Ilul though it may he difficult to prcdii t the actual changes 
!■' pr.irtice Ih.it would result, it is coiiqiai.itively easy to review llie 
possihilities. ll is iniporlant to note, however, that what is contemplated i.s 
not the use of pure oxygen btit the availabilitv of a ml.xtuie with 30 to 40 
|ier cenl. oxy.geii or even les.s. 

The modern blast furnace plant Mould obviously undergo a startling 
<-hange in ils design and arrangement when it had no longer to liandle the 
present huge volumes of diist laden heated comhustible gases, to effect 
sliffii’itlt heat exchanges M'ith the inconiing air, to secure fuel economy. The 
hot hla.sl stoves ivould prohahly disappear or be much reduced in size. 
I’he furnace itself would be redtteed in height and the whole pl#nt, when 
the elianges Ijfid Ix-eii eoinpleted, would hear hut little resemblan^- to the 
saptipinent found necessary lo-day for the production of pig iron. The 
bessenier converter, H-hether aekl lusie, has beeinwolvial on the a.ssunip- 
tion of an invariable o.xygen content of the air blown in. tfiven the ]xi.ssi- 
bilily of varying and controlling the oxygen ratio in the air employed Me 
should find the < imraeter of the process I'Oiiiplelely changcii. In the acid 
process it is knoM-n th,;t tin order in M'hich carbon and silicon are removed 
dejiends on the tem])erature. In the Ixisie process it is almost certain that 

■-■sg 
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by the tcijipui-iilHri’ it would lie jxissibli' to o.\idisf the plius- 

])honi^ before.' ;d! the curbo/i had hei-n rt-iiuivcd aiul thus the injurious alter 
lilow would he avoided. This tcniperatuii' control could he effected if 
the ow^cn content iff the .lii blown in could be v.iiied. 

I'hc rcgcueratisc open hearth steel melting furnace is co.Ml). conijiiicatt d 
,ind inefficient Irom the theniial st.indpoint. If o\\gen-enri('b''d air could 
ne einploved foi flic production of the fuel gas and (or its slib'ieiiuent com. 
biistion in the he.ulh of the furn.n'b it would be possible to elfeet a si,oiling 
•aid beneficial altei.ition in the plant. The uni-llow lunmee would hecou.e 
., possibility and theic wouUI be a len desirabh' siniplific.ition in the (ic ign 
of tile plant. neuti.d or oxidising llaine would be ,it the conuu.O'd o( 
"e oiiei.itor while the nieltnig and lefinuig oper...lions would be .icci ler.ai d. 
The waste gas of ilu, furnace woulil Is- much richei in ( Oj, and with aifc d 
n.wgeii rich .lir would be ideal for blowing into die gas prodiiiai diu- 'i- 
..nliiig .1 fuel gas rich in CO to be supplied to the tiirii.icc. 

'file )iossiiiililics of beiiefici.d ctiangcs in Ilu )iracticcoi copjici sii.i '.nc 
.Old refining would he as gic.il as in iron and slci i won.-, prai tii c. I’loia" 
'inciting would losi- main if not nearly all Its diffu iiUii s if ii wen n iu- 

mcicialh jiossihlc to varr the oxtgen • onlenl ol tin air u>.ed, whdt 'r 

OesseUK rising ol eoj>]H'i matti wotild he .tci efei.tlcil. Most ini]ioii.ii!, o' 
.dl would be die possibilui that the waste gase' now ditlirult lo i'.Uit.l' 
owing to dn- i.isi \ohmics of inert gas pn-sent. i oiilii he used toi tin n - 
iimr', o! their sulpluir eonti'iit. Hilt it is iiniuiessin to pursue lurthei 
tliis re' iei\ of met.illurgieal possibilities once a umuiieiei.il inelhod ol in. 
an OX', gen enriehed .in is aiailahle. Whetlu i iht fuel bu nil be i,i'b';i. 
siliion, ])ho.pliorus or -ulpbiii tin- lesiilt mils' be lo ene gieal' i fici-di'i Ui 
those njieratuig tiw larioUs poicesse, ..nil to open tin \'...\ ioi new .id' i ' ■ 
in metallurgical ]>i.iitice. 

ft IS iiiip-ortant to note th.it it is no' pun oxietiitbal is uouiic': It 

woul'l be anijih suftu a ni ii the loigt'i 'oiiieni 'ouiil be ..t.a'l i,t:v,'e!i 
the range of ao and 40 pei leut. The probh m is theri'loie i|Uile ilifici. ; l 
lo that iff prep.ii'iiig pine oxigcii. Di. I', 0 . Cotti n l!' has jumU'.'il ci:' 

in his adiiiiiable •'evii-w oi the suhjeei thi- l.i<' dial an is .1 mixlici 1 >' 

■ ixegcn aiul nitrogen and that the ihi'ori li'.i’ aiiiouni of I'm'i'gi r'-quiieii 
lor the sfpai.ilion I'f the two g.ises is xeii sni.dl, m tai l onl) about ' pel 
I' nl. ofth.il reiiuiii'd lor the jiioiluetirm ol an etpial weight of eii('1'oi'H( 
'iwg' ii. Now .on e\i!i' th.it n'liuires eiieigi ol the ordei iff 40 11.1. ,"r 
1000 I'libic IW'I of oxigeii at norilial ]>ri-ssii.r.- and li'iiiperatun; i.n nc 
uled out at oin e. What is reipiired is not puie oxygen ill steel I'ludes 

but enrii bed air in hundreds ol tons. If can he assumed that n llio 

■ 'Until the prodiiclion of a ton of pig iiim icqnucs i,10.000 cuhii li'-l ol 
.11 at normal tcm|H'rature and |>rcsMirc Phis will scru- as a mcasuic 
' I the iitl.iiititics involved. 

flwing to the slight diffi'ieiui in di iisitv of oxygen and iiilrogcn it 
■rould appear that eeiilritugal nielhods for their sep.initioii aie not ver} 
lOpetul.' Call ,iiiy lelrigeraling syslem be devised whii li will give n.xygi 11- 
• nriched air at a eommen ial piiee? .Am such relrigeraling sysiem should 
be abh to use, as the souri ■ o' the energy it reipiires, Uie sensible or potential 
beat ol the products pf ibc iiiclallurgieal process where it is employed it 
I arboCi be the file, ii.seil in that pioiess. J 1 a suitable eyrie can be di'- 
eoV''r.;d lor effecling ilu partial separ.itioii of Iwti mixed gase.s, for eoiiiplele 
sap'iratir n is not mpiiied, Ibeii .. vast field is available lor the use ol oxvgeii 
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cnridiod air in moUilliirgical (ipt-rations. ]f tliis cycle c.inno! he made to 
operate on lines Miftieiently ecrtnoniie.il then it would :tp[)eai that the 
•production of cold will not h^ so attractive as it apixaired to he :ind that 
the discarded hariuni o\idr- process niipht he ie-iiivestij;ated. Its oUl fault 
that it did not pivt' |iure owpen ni iv prove to he one of its virtues. The 
wtjrkiti}; tcruperature at wltieh, with varying (>re.ssuri’, it ahsorhs or evolves 
ovygen is (lirtunateh within the ratif'c of the now a\,iil.ihle impermeable 
alloys tthieh Resist oxidation. 'Pile teiyperature uijuired can he supplied 
h\ the sensihle or [lotential heat ol the waste gases in many nu tallurgieal 
proce.sses. ]l refrigeration as a method ol givinj.; owgiii enriched iiir fails 
Us then harium oxiile or some suhstani'c with simil.u jiropiatii-s lecluire 
e.iretul invt stiyation, lor mankind in its inetalUiigical work will not alw.iys 
he content to he eontiolled In the atmosphere ii.ituie firoxides. 



A NOTK ON J'lIK IMl’Ok'J'ANriC OF rilF srUlA' OF TIIF 
CRYS'l'Al, SIRI’OII-KF; and FROIMCRTIKS OF .MKTAI,S 
AI' LOW J'K.Ml'lCRATrRKS. 


1!y I'usmo [oiins. 

It i." knoun ih.it. in ;i w;n, tile priipiTtii-, (if tin- I'k'mcnl'. 

virn pnrioijic fijnctinn-' nl tlu-n .'ituiuii wi*il;lu in, n-. iviniUl In* ststcil 
more convcll) now, of ilieir otoiiiic ininil)i t. .Amonp otlicr.-; Koiierts- 
Autten,' Riciiariii.,- F.(l\v.jr(l>," Hju^hton ;iiul I'onl,' h.ivc- ilisci!s>e(l this 
porioilicity with iL-ferencf to the niel.iK hut oil lhe,-.e otteiiipt.s have dis- 
do--e(l iniperfeetion-. wtiirli e.iii lie .(ttriliulei! either to in.ieeiiraeies in 
the (l.it.i .H.iil.ilile or to Mime crnir in the methoil adopted for liandlin^ 
thenr. J-rom time to time it h.i> lieeii pointed out-' tli.it no ttue com 
pariMiu e.m he ni.ede miles., the data used have lieen ine.isnred ,it .stnetly 
eomp.uable temperatures. 'I'liese eoiiipai.ihle teinfieralures e.in onlv lie 
known lUien the eri.st.d slrtleture and sipnilte.int properties of tile metals 
Iiai'i' tieen detennineri oilt the widest pussihle r.tiyye of ti-iiiperalure. 
.Such eomparalile temjieratuus will, in all ptoli.dii!itv, he tlieiii.selies a 
[leiiodie fiinetioii ol tiu atoaiie iiiiinlii r, ainf should theiefoie stand in 
some definite relation to the ahsolule melliii;; point Jt is olivioiis th.it 
to t.ike d it.i lel.itin,^ t.i piO|ielt!(‘s whieh .in.- known to v.ny with teiiipei.i- 
tiire, and to use, tho,,e wliiih liavi- been me.i~nred at sonie tenijieratuie 
level selected lor eoineliunee onlv is to iniite confusion, wliK li can 
onlj serve to olxseiire, if not to hide, the r-l,itionshi]i wfiiefi is heinji in¬ 
vestigated. 

in iiU'iition hut .i few luet.ds we find, if wi- i..\amitie them at room 
temperatuie, that mercury is lic|uid, le.id so plastii- that it is self-annealing 
after si-veie straining; aluniiiiium displays a m.irked tendencv in the 
.satile direetion. Copper evhiliits m.irkeil ductililv idtei (piiiieliing from 
a nurderateh, liigii temper.itiire. Iron when modified h\ the pieseiue 
of (-uhon loses diietility atid aei|uires gre.iter tenacity wlicii quenched 
from alKue .1 ceitam eritical lciii|)er.ituie: wlu ii the iron is alliwed 
with 25 per eeiit. iiiekel or 12 per lent, mangaiiese it ceases to behave 
like earbon steel on . j-aencliitig, hut heeoiiKs analogous to eopjier. This 
is known now to lie due to the lowering of the iiiversi^in point by the 
addition of the alloy im-t.il. Recent!) it lias been denionstr.ited that 
iron ahope the ciitic.d r.iiige of temper.iture has a centre f.iec cubic 
lattice, while lulow that r.ingi it crystallises in the cintre liody cubic 
kttii.e. ''(>i[)[icr, mang.in(s.e steel, and 25 per cent, nickel •.iecl all have 
the centre face ciilnc lattice c, the fc.dure of their erystal structure at 
« 

* Pi(U. Ro\al SiHit’IVf Vol. aIix., pp. ^17-350. 

' larfitiay Lrdutf'y H^rr, Ch<inix;tl 

'Ji-tiT hisi. Mflnn, (giS. No. 2. pp. \ 5 > 

* /« winy S.>iieiv, Vnl. xMii., I., j>p. 

•'I’rf»tVs‘>or Porter, Tunis, T'ttraunx VoJ. xviii.. Pari 1 ., p, iiS. 
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room lemporaturc-s. Seeing that properties such as tenacity and ductility 
depend on crysfal structure, aiuT that crystal structure, <ertainly in some 
^tiettds iind probably in all,# will vary above and below some critical 
teijifHjraturc which will be different for each metal, the futility of con- 
ftninj; the comparison to data collected at one temperature becomes 
apparetit. , 

There is, however, another point that retiuires consideration, jind that is 
the influi'iice ^f temperature on the ten«city and ductility r>f metals within 
the range of ternperalurc over which the same crystal stria ture prevails, 
,\\'ithin this particular range of tcinpeiature we must primarily be dealing 
with the strength of the cementing material that holds the crystals of thi. 
solid metal together, and therefore determines its tenacity; and serondly 
with thr' ability of the ciystal to undergo pl.istic deformation. This influ¬ 
ence of temperature is \er\ [irofound jit the lower ranges of tempeniture. 
Metals ductile at room tein|)ci.iluies lose their ihictility and become 
endowetl with gre.it Icn.icity at low temper.itures. .Some pre.sene their 
ihn tihtv to very hnV tcmpei.Mures. Most o) these changes arc reversible, 
but it is possible thal some are irreiersitile. Our knowledge of the influenee 
of .structme, using tlial word in its widest .si-nse, on the strength of metals 
is veiy fragriK nt.iiy ()ur methods ol me.isuring that .strength, onee we 
have [iisseil outside the range of elastieit), have Invn, and very justh, the 
sflbjei ■I of M‘\orc i ritirism. 

J'iic infuntialion ^\hirh u'oultl probalily the ntosl imniediale value 

would 1 k‘ tlh'ii relaiinj.', lo erv.st.il .•sliuelun* and .slrenj^lli the pure nu'tals 
■i\ tin* vvitle.sj po-s^i!>je ran|^<- <»f lempenitun , and the most inip<;rtant would 
pn»hahlv he th it determined at huv U*inperatuie.s. 'The most ]>rojuiNin^ 
nietlu)d ol fleLt nninint^ lliv. strength would be the slre.is-strain iliagrani 
('arrietl on to rupttue at some defirrite rale of slrainii’;j:, tlu* time interval 
hving kept as short a*' po’^sible, with the optical lec'oidcr of Dalbvd The 
eomplrte stre'^^ -»lrain diagram obtained with this ap()aralus would give us 
the rt i^uired data to en»ibie us tr) evalu lU lht‘ diverse properties we now in> 
ei iih iimler fhe \\t)rd sirerigth. Wht n oin ]cfK>wletlge the low u-mpera- 
tv ’ • relali<»nsiiips rat' been extended and the iiuniv gap*^ in our knowleflge 
<j1 tn-s ‘ han.ge oi‘ piojK u:es and stnjetuve have been fiUed. we shall hr able lo 
imdert.iky, with some ehanee of sueecss, a stud) ol siieh reiatlonsiiips us a 
periodie function of the atomre number.-' of the metals. 


* P/iti, Tuvis. Roy So A. 5 .s^, lo-io, pp. ii 7 -ijS. 
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Mr. C. R. DarliilK {commuKu ilfil): Amongst pnii liiMl dcxicf.-, lurllic 

niL'aMirciiii’iit of low icmiH-iiiUirts, tin- coini-nii.Mi i of .1 tluTiiial juitctioii 
coupk'd to a Miil.ibk indie a tor is apt to lie owrlookcd. Sonic \c.ivs iipu, 
when cncagLil upon llu- ilctcrinination of the ^■on”^■a^uic points ol certain 
oils anil other lii|imls, I had constructed the instrument now shown, which 
consists oi ;t flc\iblc loiiplc ol Hoskins a/lo\s, .ind a jiort.dilc indicator 
of tile piloted, moiinc-coil t\pe. ('orrcctioii lot cli.injtes in the tcmpciii» 
ttire of the atnios])hcrii junition nia|.' he nuulc hy adjustint; the pointer sit 
that its jiosition on the .scale i riincides with the ic.idiiyL; ol .1 niercuri 
ihermoiueler in.sciled in the Ini of the indii.itoi. The .scak was c.dihratcd 
at the National I’lnsn.il Iaihor,itor\, tin lowest re.idinf; hiuijt -- aoo' (',. 
and the apparatus proved iptite satisfactorv in use. its aihantaLtes over 
a pentane thernioiiu ter were that it responded niore quickly to eh.nipes 
in tempi r.it lire, and could U-used in nntai vessi h ,utd cnelosiiu s undei 
eondition.s 'll which the readings ol .1 pentane tliennometer would not 
liavi I teen visible. .A recent I’hei k of the ealibi.ition at the leniperatuie 
ol solid carbon direvide showed that the lustrLiinem h.id maintained its 
aeettr.u ). From this evperieme, I su^ge.st that the thernio-eieetrie method 
of measurine low tentperatures niav with aihanta”!' bi applied in ni.mv 
easi-.s where other llietbods are now in Use. 

.As a means of iletermining tile ti iiiperaltires ol the diffiri nl p.irls ol .1 
lar^e cold store, the re.sistanee thermonielr 1 is liie best at [Ueseiit available. 
When .1 nniuber of these are biouj;hl to a swilchboaid, and .irr.uieed so .i~ 
to be I qiable of connection to a eoninion iiidieatoi, much i.ire is needed 
in the choice of propel in.ilerials if ”Ood lesiilts ale to be secured. Re- 
eeiitlv. whin {toinu thiou^li a iarue loid store in Fondon oper.ited by 
.uiuuoni.i relri,;eratot's, J observed ih.il the svvitehboard was loi.ited in .1 
small office in the en;;ine room. 111 .111 almospheie smelling pi n i ptiblv ol 
ammonia. I'he littiiyas on the sv itcid)o.ird. beiiif; eon.stiiieted of biass 
liglitiv nickel pl.iled. showed very iiiaiked coriosion, and the mslnmienl 
was out of aetion. .As an in-tallatioii of Ibis kind is e,\|iensive, every care 
should be taken t i avoid mistakes of this kinri, vvliiih tend to bring dis¬ 
credit on a very iiselul method of measttr ng these temperatures, and serve 
to prevent its more extensive tise. • 

Dr. J. A, Marker: .\Ir. .Muiiav h.is given us a great deal of informa¬ 
tion in^i very quiet wav. Me is not a person who is easily persuaded to 
talk about thing.s, but I think he knows more than anv ]n-r.son in the world 
aliout^thc dcvclopmi nl of the o\\gcii industry. I w.ts Tioping that we 
shouW have had another i-'jiially inteiesiing industrial aulhorilv on oxygen 
with us, .VIr. Price, I’fesideiit of'he Union Carbide Co. of .\inerira, who is 
at present in J.ondon, but unlortuiiately be was not able- to be present. 

The author has told us one 01 wo very i'uportanl things. We all know 
ho.v, in tin’ ordinary liquefaelkm rif air, Claude apjilieil Cord Rayk’igh’s 
suggestion and used an ex[)ansion engine. Mr. Muiray has told its sonie- 
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thing wry important atx'iul this, »tn<l 1 am able to t'mlorsic cntitL'Iv from 
jiiy own cxiHMii'Mcc ami Kiiowloclgc what lii' says. Sonic few months ago 
when I was tliscussing llic rclifli.c ailvanlagcs of Claude and landc plants, 
■Ml*. Murray said that the u.sc. of the cx|)ansion engine was a “lalkirig- 
jioint’’ in favour of tln' Claude process. 1 think that statement sums up 
the situatioi* hi'cause since that time 1 have visited lour or five diflerent 
pfints where e.s'pansion engines are in use and in almost every instanee 1 
noticed that the mierg) reeoie.red is tiflned into a resistance coil and is 
doing no good at all, or at be.st is onh warming the room. It is /imr 
•used as it is figured in the tcM-lsMiks, and tiirm d into the iine to diminish 
the ])0\vi r reipiiremeiits in the wav that tlu-oietieal pr ople t.dk .ihoiil. 

Mr. Munai finished up with .i si.itement about the imlustrial Uses of 
owgen, aiul loreshadowad some uses which have not )et matmialised. 
it is dangerous to propheei, hut 1 will ne\ertheless venture to say one 
thing. 'J'he last twenty \eaix ol this rentury may Iw sairi to lia\e been 
tlic period of the lix.ition ol nitrogen; the next iwenlv \ears will in 

view be .i [H-iiorl in wliieli the erealest industrial iulv.oiee ill be in 
the .ipjdieation ot owgen to industrial prohlem.s, J have good re.ison 
loi this view, jikI J think Mr. Msirray is right vvheii he savs that there ate 
m.inv things loreshadowed, ot which we do not yet re.ilise the possibilities. 

, Dr. W. M. Travers said he wonkl like to s;iv a wool ahoiil the assist¬ 
ant i' .Mr. Murrav h.ul given him in his earlv work on the liipiefaetion ot 
gase.s. Ills firm vv.is then lirin's iiiygen ('omiwny, and it was pleasing 
to he.ir of the enormous develojmienis which had taken place .since those 
d.'v s. W'e m.iy anticipate ev en more extr-nsive developments of the o.xvgen 
iiuhistry, for eheaivening of the cost of oxygen must ieavl to the direi t 
method foi completely gasifving coal, which is the goid of all gas teeh- 

iKilogisls. 

Mr. H. Brier: I should like to .say a few vvoids on Mr. Johns' 
u in.irks v-ith reg.nil to tlie use of oxvgeii l"ir blast fiirii.-iees, etc., for 1 
ihink vou would be inteiested to know ihe results of an experimenl wliieli 
v% -s made aiaiiu i.Suo vvitb a sm.dl itesstmier eonv'ertta in (flasgovv. 

Oxjgeii VV.IS tluM mtrodueed in dilfereiU ;>eiieniages into the air 
blast. \t lui time was an\ gre.if fpi.iiuitv of owgen used, but the results 
vveie inosi disastious. .Aftei a verv short time the liiveies and bottom 
ol the converter were eonsumcil ami blew out, and those standing b\ 
vei\ naturallv stood avvav from the eonveitei expecting the charge to 
folUwv, but oiilv a moderate flow of licpiiil e.ime out into the bottom ol 
tile pit, ami tliis vv.is found to Iw the !i<|Uid lormed by the melting ol 
the tuveies and lining, all eonihustible metal having di.sappe.ired li-aving 
only a black skull in llie top of the converter. 

.•\n) expelimeiii of this kind will re.t[uire to lie xery earefitllv made, 
so that the eniiehtng is not too drastic in its action uiion combustible 
material. 

Dr. E. B. Ma.xted : With respict to the running ol water-gas furn.aees 
with oxvgenated air, I full)’ emloise the remarks ol the last syie.’fker as to 
what happenv* The oxygen is nsiiall) mixed with steam or with a^dihiluig 
.igent, but in spiti* of this, the lemlenev is tot the fire bans to buj^ii away 
r.ipidly. It is exlremel) diflieull to ’moderate tbi^ action of the oxygen 
eve-n by diluting it with steam. 

With regard to the general ([iie.stion of the liipiefaetion and .seirarulion 
of the fie'rmanent gase‘s ibeia aie’, yterhayis, one or two points (if interest 
tiiat may be touched on. The first point relates to the complete sepKira- 
tion of air into nitrogi-n ami oxygen. ’Ihcoretieally, tlie curve eotineeling 
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the vapour pressure of a mixture of nitrogen and oxygen with the com¬ 
position of the mixture is such that a separation into pure nitrogen on ths 
one hand and iiiire oxygen on the fither sho'uld he possible. As a matter 
of fort, in most plants, either pure nitrogen or pure oxygen is produfed 
but not the two ga.ses simultaneously, and there would appear to be ati 
opening for a plant in which each of the gases is jiroduced in a state of 
sitlhcient |)urity to be us<;d technically. In most eases, both the nitrogen 
and the oxygen have to lx- substantially puri’ before they are usable. In 
the majority of plants, ticcording to present practice, either the ont? or the 
other gas is run to waste, and it is evident that .some modification rjf the' 
system is renuircd. 

My jioini relates to the drr ing ol the gtises. Mr. Murray in his j)a])er 
referred to the two methods of drying the air nr other gas which is being 
separated, either by chemical absorption, /.<■., by means of chemical drying 
agents, or bv refrigeration. If a itrocess of icfrigeration is i rnjrloyed. it is 
extremely interesting to notice that the form in which the moisture comes 
down depends on the tem|H-rature gyadieni, on the lem])erature itself, aofl 
on other conditions. The moisture may come down cilhei as a solid co¬ 
herent cake of ici-, or as coherent strands which graduallv lengthen : or 
again, as a mass of mobile ice crystals which are easily blown In' the gas 
current into the filter. Of course, this last lorm is the one which is lu-- 
ticularly desirable il the blocking of the tirying tube is to be preyented. 

The final ])oint 1 wish to touch on is the necessity, or the desirability 
at any rate from the general .staiid]ioinl, for the publication ol systematic 
work on the mechanism of heat exciiangc. In most cases when we put 
in a heal exchanger we guess the area from prer ious experience. riu re 
exist at the present time very tew ptihlished data relating to the actual rale 
of transicr ol licat hetwetn two gases .g diffcient tcmpcraluics separated 
hy metallic suifaces. Ol course, it i.s not pos-ible to e.ileulale this rale of 
exchange Iroin considerations Ixised on conduc!'yil\ .md viscosity, because 
of the complicated luluru of the motion ot the gas ]urticlLS and, furtlu r, 
hccausc of the formation, jxirlicularly at low temperatures, on the cxcliangc 
surface ol a peculiarly .sluggish film ol g.is which hinders the cxchangi 
and which is very dilficull to atl.u k In turbulence of the remainder ol llie 
gas. In any c.Lsc, J <cit.iinly think that a very important field exists for 
physical research in the general mechanism of heal exchange, and 1 should 
like to .sec more data [luhlished on this subject. 

It is parfieularly appropriate that at a di.scussiou of this sort we should 
have [lapers from the great eryogenit lalxiraton at l.exden, whose work 
wi: all know so well, and also Iroiii M. Claude, who has jirobably flone more 
than any other man to further the tecbnic.d produi'limi of cold tiiid the 
leelinii'al .separation of the so-called permam iU gases. 

Professor C. F. Jenkin: Mr. (irilliihs stated tliattilic efficieney of 
tile refrigerating plants w.is extraordinarily low ; 1 think be .said about ij 
[)cr cent. 1 should like to ask Mr. Murray if he ti.is ever drawn uj)—J have 
no doubt that be has—a beat baluiiee for the laiger jtlauls. Certainly an 
efticicnoy of that sort ought to be able to Iw enonnously inly.roved. The 
first .stuf), obviously, is to know how b.id it really is. The last .sjxiaker lias 
mentioned the transfer of heal from metal suifaees to gases. 1 do not know 
whether he i-. aware of a givat deal of valuable reseaicb work recently done 
at the .N.iti</nal J’hysical Laboratory in comasitioii with the Iran.sfer of beat 
from cold chamber walls to the air. .A complete theory of tlie transfer of 
heat fiom s-udaccs to the air has U-eii woiked out. 1 do not think that 
the conditions under whieh these ex[x'riiiK nts were made are comparable 
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with tliose for kittrchanucrs, but 1 think (lossibly they may form a fountla- 
tion of a theory for interehar^ers. 

Mr. A. Q. Tarrant: 1 >houlfl like to ask Mr. (iriffitlts a question. 
'I*!io.se of us who have seen the effect of a bullet on a eonipressed gas 
cylinder will rt-alise the enormous advantage of having g.is in a soniewiiiit 
less dangefous form. 1 should iniagitie the |>ilot of an aeroplane will want 
his apparattia as auUml.Uic as possible,J>iit as far as 1 can make out, about 
300 caltjries per minute will Ik- required to warm the gas up t(t a breath¬ 
able temperature. (Ian Mr. (iriffitlts fell Us how that ean be automatically 
supjtlied V 

Mr. L. D. (ioldsmith : J should like to .ask a tpiesiion of Mr. 
(iriffitlts with regard to the use of litpiid oxygeit for aeronautical puqin.se.s. 
W'as the liiptid he used actually o.sygeti, or w.is it the mi.sture of 50 
per cent, nitrogen iind 50 per cent, osygcit which the ordiitary lii|uefier 
gives? .As ap]>arently no rt:ctifu-r was itsi-d, tin !i<|ui<l w.is [tresuntably 
this mixture. 

' Mr. Edgar A. Oriffiths: \V'. Tarrant ti lers to the que.stion of 
supplying the heat imes>ary to \a)Mtrise the litpiwl ox\gen. The 
v.iporisers are provided with’a large area lot .ibsoi biiig heat from the 
atmosphere aitil although the surface titat lusonie frosletl over tin- heat 
•ittert liange is not .q)[)reeial)lv diminislterl. 

.As stated bv Mr. (ioldsmith the usual liiptelier only ytroduces low 
percentage osygen, but the liqut tiers used liir aeronautical work were 
provided with renittei.s. J'he owgeit drawn tttf tarietl front 75 to y6 per 
eetit. purity with different types of plant. Nitrogeit would he mere 
stipcrfluotts wa ight tmd bulk in this e.-ise. 

The C'hairuiiui s suggeslioti ol subdivitliitg the inf- rspaee between the 
two w.ills (.f a vaeuuni te.ssel invokes a pr.ietieal tlitlieulty inasmuch as a 
gortd v.ieuuui is not reai-lilv obtainable since the pti< king lends to reltiin a 
l.irg - voii'tnc of g;is which is only rclc.i.scd very slowlv. 

Or. Ezer Griffiths: .-Vnateouni of the work on heat transfer icfened 
-'1 by l‘iole.s.soi b 7ikiti will be found in Speri.il K.-poit No. t) of the 
1 .ii;'in..a-ring (.'ottimulee of the I'ikkI Investigiitioit Hoard ptilili.shed by the 
.statioi. Ofilee. Jt is entitled ‘'Kepott oit Ideat 'I'ransmission by Radia¬ 
tion tind Conveelioii." 

The Chairman (Mr. James Swinburne): .Mr. ICdgar (irii'htlis 
h.'is referred to the (|Ueslion of mtikiitg .1 doiihle she.ithittg to cheek 
radiation bv itiaking it nt two .steps. I luring the war 1 suggested that it 
might be .1 good thing to till in the interslii'es with something like very 
line- slag wool. I do not know why it should net work. The- idea w-as not 
iisi-d, but J wo'uler if it is jiossible to gain more- that ev.iy than you woule! 
leise by eeiiulue tiem. Mr. (iritfitlis alsei nienliooe-el e-ooling by external work. 
In lyio J re.iel a p.qie-r before this .Soe-ie-ly ' on liepie-fying ail anel gasc.s, 
iiiiel 1 reniemlK-r peiiming euil that the u-.e- eif an e ngme-empaneling wa.s, 
theoie-tie-ally, a mistake. 1 u.es de-aling the-re- with sepai,.ling ga.ses anti not 
tlelive.-riug lieiuitls. 1 elti iieit remember wh.it my argnineni was or wlietlier 
1 was right-^r wreing, but it io'iks as if the- externa! wevrk eiigiil?- tliel not 
weirk in ])raetie-t-, and it mav be ilv.it ] was right anel that it is not really 
right theoretie-ally. Dr. (Iriffiths heiwevt-r was using it Ibr lieiuefying and 
neit for turning out .sejurateel g.i.se-.s, anel it is not at .ill the same jiniblcm. 
In the .same [lap-.-i 1 re-iiiemln-r pointing out the aelvanlagt ol tisiiig oxygen 
fen 'iilasl furn.ie-e-s. Nolhii g happeiit-el, anel ne> enit- t-ver trieel d ,is f.ir as I 
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know, until ri'i'i'iifh. AN'i- now licariDif Iriulsuiul a jtt'otl 'luat dupfiid-, 
upon till- oisl. As la; as I could sec in iliosp da\s, the cost ofthc ox\gen» 
eauie out at about i--. a Ion. Of eourse, that was doinj; it on a l.irpc scale 
for blast lurnai'c.-. In 1 ouimeree one would not e.spcet the cost to he as 
hnv as that, hut neither would one e\|)eet it to conic out at soniethinjt 
nion' than a is, a !h. or whate\i-r the lieure is that has been nichitioned to- 
nieht. 'I'heri' ntust be a laii;c ntai^in. . 

Mr. Drier : The dillii'ullt in using owgcn in the blast furnaec is not 
the ipu’.stion of piiee or the cost of the ovtgen. It is that vfm get a 
eonsuniption ol imta! itself In nie.ins of the owgen. W'e found all the 
iiiel.d disajitieared. 

The Chairman: I w.is e'uning to that. 'I'hc first point n.ituialh is the 
p'iii, (ia'Icr K.'i.. tis- tiiM to advocate tin- removal of natei v.ipoin in 
blast lurnaees. 'J’he bl.isi furn.tee is \erv near the uiaigin ol not working 
well and the w.ilei t.ipotn interferes. The‘propo.s.il was not to use .di 
with a whole lot ol owgcn so that \ou cannot get the lirebrieks to sI.hhI 
up iii the' furn.iee, but inerel\ to put a little e\li,l o\gen in, which can hi 
got as h.ts been suggested not In .se|uraling eompleleh but with vert 
inipcrteet .separ.ition, jusi enough to make' the teiuiieraturi' right. W'h.il 
one w,lilts is to gel the tempiaatiire right in bl.ist turnaees, to [invent it 
being lowered below the norm.il when there is too nvaeh moist tire. \ ert 
likelv tiicrc would bv no furn.iee li ft at all if vou blow in .1 wltole lot ol 
owgen. 

Dr. M.isted has .iskcd alxiut the dillietillv ol two [lure gases, J'o turn 
out two g.isc' is a iitte.slion ol traelionisation and vou can alw.ivs get .1 
m.tUiine that will li.u tionise at one end and turn out .1 miMure at llie othei. 
but J do not see anv ceneeiv.ible wav of getting two [lun gases unle.ss with 
an inl’inile amount ol fr.ielionis,,lion. The milv wav vvtmld be to veiei I tin 
middle jiortion of tin miMure and ,s(> have two puii i nds. 1 sheaiid think 
llieie Is no diftieiiltv in making sui h a min'huie, lint 1 snoiild not think vou 
would possili'v get two eom]ilele se|i.iratn)ns without .i treiiieiulouslv 
ekihor.ite mietinie. With legard to intereh.mgeis, Iveat transmission inside 
a lioilei tube I ■ vlo. much the s,ime sort o( thing and 1 think a gooil de.d 
of work w.is done by I’lolessor Xi< holson ol .Vraiieiiestei, hut 1 e.mnot 
reillemher vvi,.o,ei it is the sort o! work lh.it Di. Masted wants in this 
parlieulai eisi. 

Mr. Cii.smir Johns, m u|ilv to the diseussion .>n his ji.ipei, wroti th.il 
Mr. Swinhuriie .ii)|ie„ire(l toh.Oe effeelivilv d'-.dl with thi olijci lions laised. 
Any elianges in the owgi-n i oin •, nlralion .if lln' air used for met.illmgii al 
[uujioses would have to b ,u.,i!i with gn-.il <aul'on. 11 tin owgen in tin 
air Used were inere.isi 1 In 5 pi 1 < enl. it would im.or that it had been raised 
from the original a: ,.'i ‘ v n'- >" 25 [h i eeiil. 'i'his is an inerease ol no 
le'is than 25 [ler leiU. on the ongu' d [u rei nt.igi. in the esperiiiicnt 
referred to b) Mr. linn tin inerease was [riobabiv mucli moie. It is often 
overlooked that it :■> tin, inete.ise in the [larliai [ires.siiri ol die owgen that 
is till really sigiitheaiu laelo> in the use of owgi'n-eiiiiehed ail. The 
availabli* eviriem e sttoiigli supports tie- view th.it vari.itioff^ in tin-iori- 
eentrali*!:. or [rartud pii'siin , ot the owgen would .dlei the older in which 
the nielals anil metall fids iie oxidisid m the hessemer [iroi ess for hasir 
steel iii.iking. Dilution with sieai.i vvo'ild lie minei es.sarv in lurnaees il air 
enriched with ovygeii tri iheicjuiied anil pre ileU-rmined pro[)ijrtion had 
been used. This brniLs i.. b.ii k to tlie main .uguiueiit ot the paper. IVh- 
don’t repuire pun. owgeii; we want .1 pioeess that will eiirirh the air used 
with just tin pi,reent.ige ’•isjiiiied .uid ibis increased [lerecnlage will 
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prolwlily Ix’, for iiiost nii.talhirj^i<'gl opiratUMis, a coniparativcK hniall one. 
4>in' naturally looks to soiul- nu thod of rcfripienitioti fo an oniplish this, hut 
il tilt'll' is no method ol rc'lrij!fiTation with tlif lotiniri.'tl thermal ilTirienr)' 
.nifllaliK', then we mnsl re\ert to some other jwocess. 

Dr. Richard Linde {riiiiimuiiiui/,'(t from Afunich; IruHslateJ) : 'J'ho 
I'.iraday .Society has int ited me to seiul a eontrihutioii to this discussion, 
init only die pipers hy Mr. Murr.i) and iiy Mr. Cl.iiide cal! for comments 
on niy part. In limiting myself to the*foHowinfi leinarks, 1 am anxious 
to express my thanks to the I'araday .Societ) loi their courtesy. 

* Mr. Murray's veiy .ipposite historical outline of the dcveloimii'nt 
ol the oxygen .ind nitrogen indu.stries hardi) reipiires further remarks. 
.Mr. Miirrai states tiuit, .iccoiding to his experience, plants on the 
lande .system do not work xith as iavouiahle an energy consumption 
us plants on the (.'laude sisteni ; he adds, however, that he wa.s, in 
111.iking this statement, enlirel)*rcliing on his own ohservations. I cannot, 
on this occasion, enter into det.iil.s, hut J woulil refer to the paper 1 
[iMilisiicd in the /.iilschrifl ties I 'errhifs l\ulHher /n^enieure iiS 
24th, 1921, l)a,ges T.t5<i to 1,560. The “ liesellschaft lur [ande’s 
l•.ism,|seh^IK•n,■’ which sijpi)lies«install.itions on tiu- Linde system, guar- 
.'iilees in jilants for too in.'* per hour a power consumption not exceeding 
!•> Ii.p. per m.’’of oxygen at .itn’os|iheric pressure (,5'4 Ji, 11.1’. per 100 
< uhic feet). In larger units the power consumption goes down to 1'o h.f). 
lor the supply of .111 oxygen ol qd jar cent. The Ge.sellsi'hatt fur J.inde's 
Kismaschinen has i reetcd a plant of three units, each of 600 m.^ of 
ox\gi 11 per hotii, which h.is permanently bex-n working at this power 
c( lOsumption. 

I'he p,ipei just (uioti'd .dso ,ga'.e .some figures concerning the recent 
It iilopinent of the oxygen and nitrogen indu-trii-s in (li-rinany. Those 
lieuies hai'e .ilr< ally been exceeded. .'Xt present nioie than 2,500,000 m." 
,ne.nh 100,000,000 cilliie left) of oxygen are put upon the tfeniian 
11 ole, I ei ' i; month, in steel eylindecs. In addition, a largi- number 
»' rngineering works ,md shi[ibuilding wharfs make 'heir own oxjgeii 
foT .I’.C'igenous met.ii working : that oxigen |)rodiiilion max Ixi estimated 
.1! i,ooi.,,'3oo 111."' jier month. h'in.illv the rheiiiical industry requires 
xirx eonsider.ihle amounts of rixygeii whieh the works likewise generate 
i'l their uxxii jil.ints ; this owgi'ii will also exeeed 1,000,000 m.“ jier 
month. 'I’hus Gemi iny is at pie.seiil |;ioduein,g at least 50,000,000 m.'’ 
(1,750,000,000 eiiliie fee!) ol oxxgeli ]X'r teal. 

I'll.mioum ol nitrogen produied bi the liqiii faetion of air .mil utilisi-rl 
.ilinost i xelusivei) for the uiaimf.uiure ol lerliliseis is eonsiderabix larger. 

I eslimale the annual German demand lor nitrogi'ii at ,500,000,000 m.'* 
(more than 10,000,000.000 etlhie feet). 

With respect to .Mr, Glaude’s paper I beg to |Miint em' that the manu- 
faeture of hxdrogeii from xvati'r gas hy fraelional loiuleiisation was jiraetised 
in Germany on a very large scale alreaily ten years ago, in installa¬ 
tions due to the tiesell.schaft fiir Linde's ICismasehinen. 'I'lie fimmonia 
w'orks of the ^^adische .•\nilin-und .Soda fabrik a! ()|)|>au, for instance, kept 
,5 units eaeli for generating 1000 m.’’ of hxilro,gi'n (in addition to .545 ni.“ of 
nitrogen) in ojierutioii foi sexeral years; xvork in in.stallation was dis- 
eontinued only because the Haili.selic had meanxxliili- ilexdopcd the jitirely 
chemical hydrogen |)roce.ss, mentioned by Mt. Claude, waicli jiioxcd 
ixtter for their jiurp'i.six There are otlier hydrogen plants on the 
Idnde system in oiieratiou, c.^. in fat-hardening xvoiks in Holland. It is 
true that the Jaiiile comjiaiiy does not (irodiu'e the loxx lenijicratures, wliicli 
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the jireijanition of pure hydrogen neee?sitates, with tlie aid of an e\pansion 
eyliiKler: they <lo this with the help of a sjv.'cial air liiiuefaction plant whiek, 
ill the ease of the liadisehe Anilin-untl Soda fahrik, also supiiliecl the 
nitrogen reciuired for the ammonia synthesis. As regards the energy I'on- 
suniption there is no noteworthy differcnee between the Claude and the 
J.,iiule hydrogen processes. We have to consider that, on* the (ilaude 
system, the hydrogen lias first to be eNjianded in the engine .and then to be 
compressed again for the ammonia .synthesis whilst on the I.inde .system 
the hydrogen leaves the aiiparatus at a pressure of about 20 atmospheres, 
the pressure under which the water gms is decomposed. .A.t any r.iti* 
jooo m.“ of hydrogen and 350 ni.“ of nitrogen were being produced in the 
period mentioned at Oppau by an expenditure of less than goo h.p. Iiours. 
On the Claude system, the eonipression of the water gas to 20 atmos,, and 
the reeomiiression of the hydrogen to 20 atmos,, would require about 650 
li.j). hours, and the production of 350 111." of*iiitrogcn nearly 100 h.p. hours. 
A small, but not negligible portion of the nitrogen h.is further to he com,- 
pre.ssed to the inessiire of the water gas, for the htbrie.itioii ol the expaiisfon 
cylinder. lhat will absorb a eerl.iin aniouiu nl energy, and the find 
difference in iiower eoiisumption will certainly lie .siii.dl. 

file high yield of hydrogen which Mr. Claude claims for his process 
has also been attained in lande insUdlations. .At Oppau the vi»;d 
represented about gy per cent, of the hydiogen enuring the sejiarator. 
-Again the e.irlKjii monoxide which is foniieil in the water gas process 
is also being utilised for power generation in the Linde iiistalUtioiis. 

I do not disjiiite that Mr. (..laude has solved in a very eleg.iiit manner 
the problem, which is not simple in itself, oi tooling the hvtirogen down 
to less than - 200' C. by means ot .111 expansion eihnder, without 
producing too low a temperature in the eylinder ilsOf. Hut dii,- stilution 
ha.s some tiisadiaiit.iges. Ihus there is doublle.ss ,1 certain danger that 
a water hammer effect may oisiir in the expansion eylinder when llie 
cylinder must eontaiii some liiiucfietl nitrog.-n. I'lirlher, the hydrogen is 
ag.iiii eont.iniinaled with iiitiogeii, which is permissihle onU in .syiithelie 
.tniiiionia jirtioesses, \ el even in iIkU inst.iiice it seems doubdul wht-lhei 
progress is tit hie veil b\ effecting the pioduelioti ol the cold wanted in the 
apparatus for the w.iter-g.is (ifCoiiipi>.itioii liv cxp,iiidiiig the hvdrogen, 
instead of making the plant tor tin. [irodiietlnn of the nitrogen, wtiieh 
is iiidispiusable anyhow, woik at ;■ uiniewhat lie. I'Msed inteiisitv so as I'l 
obtain some liipiiil nitrogen, as is doiie In plants 011 the Linde system. 

Mr. K. S. Murray: In the eour.st ot this ilisi ussion some speakers 
have been rather seveie in thei. eoiniiieiits on t'l.iutle's t \pansioii enguui. 
It is quite nut. th.'t in small jilant' the eneigy reeoured lluoiigh the 
expansion engine . j.sually di.ssijwtcd in a resistance coil or something ol 
the kind, but rhere is no rea.son why it should not be ii.sed for siieli a pur¬ 
pose as charging storage liatteries, and that is not iiilrcipientlv done. 
I’racticaUy all our pl.mls are opetaled in large cities where electric jiower 
is cheap enough to m.ike the ’ecovery of eneigy h’■om the expan.sioii engiiit: 
iinimptWrtant, but when that is not the ctise, and more cipeeially wliere 
some «lhe-r form of iiiime rnotne power lor die plant has to be employed, 
as ill country distriefx, t!i. n tiiidoubledly the energy tli veloped by the 
esjian.sion engine can be niiile use ol in ;i \ariely of ways. I wa.s, iin- 
forlunalely, not able to hi present .*t the meeting when Mr. (irillilhs rearl 
his i).qicv. and 1 have only seen an abslrael ol ii. I am not, therefore, clear 
as tfj what the Jier v'cnl. eflieieney nieiiljoiu'd by Lrofessor leiikin 
rcit rs. li ii is the ratio of the theciretit al p'jwer required to the actual 
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power consume(J in producini; o^gcn by the liquid air process, the result 
pbtaincd by Mr. (iriffilhs is very poor. It is true that the best liquid air 
plants for the production of oxygen .ire fitr from theoretical jxrrfcction, but, 
ijaSSed on the figures which I have given in my paper for the plant produc¬ 
ing 4000 cubic feet of o.vygcn per liotir, 1 think the efficiency will lx* found 
to be alxuJt 6 per cent. Some 6 kw. arc recovered by the expansion 
engine, and i^ this energy were utilised in the sy.stcni, the efficiency would 
he slightly highi'r. With the large pRtnts to whiih I refer in iiiy paper, 
these figures would be nearly doubled. 

I gather from the summary 1 luive sei-n of Mr. Griffiths’ pa])er that he 
is seeptii-al as to the value of the ex|)ansion engine. His eoiiiixirisons, 
however, ap[)ear to be based on small plants for producring liquid only, and 
that of a low oxygen content. I’heseare the conditions wliere an expansion 
engine shows up to letist adiaiitage. In practice the larger the plant the 
more efficient the exfiansion^ engine system liecomes. Iffirtherniore, the 
low initial prc.ssure of the Claude apjxiratu.s, .iikI other contingent adv.antages 
fb which I refer in my paiier, are iriijjortant point.s which stand to^thc credit 
of the exiiaii.sion engine. 

'J'here i.s, no doubt, scop* lor further iiiiproveinent ill the thermal 
efiicienev of the li<niid air method of prodii<-ing both oxygen and nitrogen, 
iMui the leffries-Norton process to whien 1 ri-ter has tlu; merit of being an 
effort in that direetioii, but to obtain higliei thennal ellieieney without a 
< oimterbalaneing loss in merhaiiie..: effieieney is a difficult problem, 'lo 
obtiiin a complete separation of thi- eoiestitiients of liquiil air in one 
apparatus as suggested by Mr. Maxted is an even n«ue clittieult problem, 
anil I agree with Mi. Swinburne that it will never be eommerei.illy ])OssibIe 
to .sep.iiale all the .ixvgen .ind nitrogen even in a slate of eonimereial inirity 
in the same reetifieatioii enlimm. 

Till* rein.irk, on mv jiaper b\ Dr. Richard l,inde do not call for much 
eommeiit. The energy eoiisuniption for l.iige plants given liy him is 
i!,til.lily in .igreement with the figures which 1 givi* in mv Jiaper, although 
i'-r pl.uits of meO’mu eapaeiiy Dr. l.inde claims Iiettir ellieieney than we 
lia\,* been able lo obtain. However, in the ab.seiiee ol' more data 1 am 
n*)t abii to offer any useful eritieism. 

.-\s regarils- the quanlit) ol oxygen distributed in cylinders annually in 
(Germany, the estimate of upwards ol (loo.ooo.coo euliie feet which 1 give 
m the end of iny paper is liaseil on a figure pitblisheil by Dr. Jande him¬ 
self less til.Ill a year ago, and lli.tt gave an annu.il output in cylinders 
throughout Germanv oj 706,000,000 euhie leel. 11 within a jieriod ol li'ss 
than twelve months the output of oxygen has luaivly doubled in Germany, 
the fact i. a .striking indication of Industrial activity in that eountry. 

The eoilipari.son of the oxvgen outputs in vat ions eoimlries which ] 
give in my papi'r i.s hased on tiie uclu.il sales of the gas in cylinders, and 
not on plant eapaeities. J did not include private plants for the piochielion 
of oxygen, of which there is now a l on.siderable number in this lountry. 
The annual output from such jilaiits obviously depends on th^e.xtent to 
which they am worked, and Dr. l.imle's estini.iU* of output in ^lat eoii- 
neetion must lie purely <*onieetIII,a. , 

Mr. Oeorges Claude [nimmii/ikateJ rr/’/r ; Ir^iislalat) : I beg lo otter 
a few remarks oil some [loints touched upon during the diseiissiiai. 

Dr. Marker l-.is pointed out that he has, in the various iiisi.dlalions of gas 
liquefaction w'iiieh utili.si* ext' rnal e\|Xinsion—and particularly in installations 
using niy apparatu.s—never .seen that the energy recovered serves for any 
further piir[)ose except lo drive a dynamo and to heal u|) resistances, i he 
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li'i. of a iImumio i-. vi-iv l•onM•nil•lll ; \jilh thi- aid of an ampcrcmuttT 
and a voltiiK-tcr wn ran racily walrli llu- workinj; of tlir dynamo and con- 
^rI|Urnlly ol tlir rsiwiwoti l•n^;ilu•, and lh.1t is important Idv Ihr oprni- 
tion of thr o\\;arn or nitroj;cn liijudirr. It would (vilainly hr ras) to nwkr 
ti.r riiiiriil prnrr.ilrd <lo Minirthiii}' inoiv iisrfiil than hr.'itinj; tlir works, 
in ‘.[litr of thr (hirtuations of thr rlntrir potential which the B'),ailati()n of 
the apparatus may rausr; hut with smalt ap|)aratus, in which the rnergj 
r,)>l is small eoin|).iied to the tot;l*. cost of thr ovyren, their is in I'eneral 
little indiirement foi tin's utilisation. 

One must not ronelude. howrvi-i, that iti these i-onditions the aihantage of« 
inakinr use of an rxiiansion enpiiu would v.inisti. 'I'hr main point is indei'd 
not ihat thr enerj;; ot rxpansii.n > an he matle to suppli part of thr energy 
needed lot the rt.mpression ; for owing to the low temperature ,it which tlir 
engine works .old to the low ettii ieiiey of the ,ii)]uralus, this t-nrigy portion 
will only he small. 'J’lu I'hiel ohjrrt of the ^ntenviltion of thr exiiaiision 
engine is th.tt the merh.iniral riingx wliirh it liU'ratrs has its exact roiintri- 
p.irt in the siip]llrnient ofrokl produiril. / * 

•All the same I agrei. of rour.se,*with Dr. llaikrr that we should not 
w.istr this energy in jiowerful pl.mts when V'le luirr of thr oxygen must he 
k.ptlow. I stiould sav in this roiinertion. th.it in thr prr-wai iiist.dl.ition 
at Ougrer, in lirlgium, for enriching hlast-furn.iee air with oxvgeii, v^e 
sent the energx of the ex|jansion ol the tiliee .ijiparatiis Used, eai'h of 200 m.“ 
ot oxxgen per hour, direeth leuk to the pullex ot the romjiressors. Jii a 
modified way this .irr.oigemnil will he .ido|)led in the two app.natus ol 
500 111.'’' e.ieli. which we.ire now putting u]i .;l Jioiiiogne-sur-.Seme. 

l inallt, 111 iiiv new apjxiratii.s foi the ixii.irtion of iudrogeii horn roki-- 
oui! g.ts, now [il.iiined lor units of 2000 in.-' of livdiogeii [x-r hour, this 
riirigi, will servi- for lompressing the nitrogen leijuio-d lor the luhrir.uioii. 
Di. Harker will thus soon he .satislud as to dn ipiestion he li.is rai'cd : for 
1 lirmlt helieve with him tii.U the too long delaverl time of hig ajiplieations 
(it oxigeii and hvdrogeii wilt soon come, and large-si.ile app.u.ilus will then 
h; the rule. 

With ri speel 10 the iiisi-menlioni d (lugna-plant J shotild .idd that il 
those exprrnnent^ had not h.-en s(op|)ed hy the war at their heginning, they 
\oaild pnibahh 'sn,- hmi a stii n-ss. If] m.iy judge from the first results, 

J il !ie\e 1 m.n .issi-rt, though preia.se ligiites were not ohi.lined, that such 
in.l.dlalioH-. must pa\ and that lhi-\ 1 ould therefore he lenewtd without 
aii\ risk. 1 wish that this assur.mei would itiduee some enterprising eoin- 
p.i!iv to lesiime, .IS sOon as possilile, exi».-iiiilents wliieii will peiliiijis result 
ill a eonipiet .■ ixwolution ol the iiu-l.illurgic al indiistri. 1 personally think 
tli.it the iTio't templing promise of this use of oxtgi-iialed .lir wotilil he the 
<.itsa]ipearan( e ol the i-n'tihious iron slrm tuies of the heat irileieh.uigei-s. 

■J'liere is one further rrmaik to hr m.idr rrg.irdiiig this ]«)int. Alllioiigli 
an only slighlh-oxvgriialrd .lii is tr'|inrrd lot this application, J consider 
ti.at it would he ,t misl.ikr to produir- this sljglitl)-enriched air direell) in 
the sfpanttor. \'^'v laid Ixlti r make use ol the fart that wi- have hroiiglit 
the air he treated to the xer\ low irniperalme wliieh is reiniireci to ex'traet 
all the oxygi'l! iti ,ui .dnio.st |)ii.r s|aii-, and we then leiluee the o.x'ygeil 
pi rrrntage to the desijed wr.ik 1 om-eiitnilion h\ the addition ot air, the 
owgeii of whieli will allji h i|s(,-lf to the iiKuiuf.tetured oxygen witlitjut 
finthrr cost. 

Ai regards the integi.d seiiar.ilioii ol the ait into [Hire u.xygrn and pure 
nitrogen, discussed iiy J)r. M.ixted .md hy the Ch.drm.ui, Mr. .Swinburne, I 
t'link that the presence of argon is the greatest ohslaele to this separation. 
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The volalilit) onirgon lies l)el«ij?it tlio'^c of oxygen and of iiitrogeji. In 
order to cliniinaU* the argon from die fine of tlie two gase.s wliieli we 
^anieularly need to Iiave in»|Hire xindition, this argon imiM he dr:\ei! 
inV'the .second eoiislitiient with llie aid of a porlitm of tlie first ga.s, and 
that iKirtion will he lost and Cfinlaniinale llic fitlier gas. f\'e should pifnide 
for this argyn a s[ie(:ial exit front the aj>|i;iratus, internusliale helween those 
for the oxygen and nitrogen. That is what I have heen trting to flo, and 
so has lande'and in this way the aig*n which is |)rodured is now used 
in large iinioiints in iht electric lani]i industry. J!ul we hate only sneeei-ded 
in recovering a fraction of tlie argon, ;in<i tlie siu.aess is only partial in so 
tar us the hetter sejiaration of o.xvgi-n ami nitrogen i.- eoneerned. 

1 |siss to the eourtcfius oliservations i (intrihuled hy Dr. lamle with 
respect to the eonsiinipiion of energt in our lespeetite processes. 1 thank 
Nlr. Afuiray for what he was good i-mnigh to sat ; 1 aeknowletlge that the 
figures given ht Dr. I anile do^ not dif/ei inni h front those aelnallv ohtainefl 
in mv apparaln.s. 1 should .iilil, liowvver, that more [wifeel realisation ot 
'♦Ite expansiun, the recovery ol the energt which J have alieadv referred to, 
a hetter heat interchange and several fillier details will jirohahly eiiahle me 
to exceed I a in." ol a ijtf Jier eijjit. oxtgeii in the two pl.ini ot 500 m." now 
heing 1 onslriK'led for our lionlogne plant. 

regarfis our lespeetixe htilrogen |iroie-.se-, f afso heliete lliat the 
iTlfli *rcnrc In iht.- in ihc fast- of wattT gas, gn^aU r 

than Dr. Dindo has call iilatttl. '!’•> t ciidjjil-ss jioo ni.*^ of >satt'r gas lo 20 
.itnu).*>}>lKTcs UTjuiics onl\ .joo h.p., the rt)ni|>n sMon lo 20 atmoNphm-s of 
1 000 in.*’ of iudrogen i tjo h.p.. and llic inaiiufaclurc of .^50 in oi nitrogf. n 
:i.t|niii‘s love h.p.: as u*gar<Is ihe compression of iIh* rntrogen wanUil !*>r 
hihrit.ilion, J h.no sai<i that die evfKinsion will easily siipp)\ that eiurg). 
I'hete would I'nen he a total o{ a HttU‘ le-^s than 700 ...p, against ilu- <>00 
li.p. of tlu- 1/inde ])!•<.>'ess. 

I sin.aid liki'nifiieoNei to rejieat that J have ne\ei estimated Unit t 'c 
l- pi- laetion ol water gas eniikl et ononiieally stand against ilu‘ process of 
'.ic lta<li>rho .Aiiilm I'ahrik. That lnjuelailion of water gas has ser\ed me 
m: .el\ as a po paiai ■:» step in attaining ihi-iiitu h nio-e interestnig)ii[ne- 
I leiam of iXjl<e-o\en gas. llu re the prrx'ess of the Ihulische is unpotem 
snu*. methane is pot eal.d’ks,ih!e. 1 should »idd ih.tl i han* nevei Ixlm 
U ouhkxMn “ w.iler-hainnK ‘1 '■ effei Is, and that the nitrogen present in the 
I'.vdrogt n ctmki not he di lelerious in the .•.p<*«*ial application for thf* ammonia 
s\nihcsi.'- wkh w’hi<”h jin piocess lias inx-n coinhiiieci. 
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